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Abstract 
Polymer electrolyte membrane fuel cells (PEMFCs) are non-polluting and efficient energy 
conversion devices that are expected to play a dominant role in energy solutions of the future. 
However, due to high cost and known degradation issue of Pt electrocatalyst, more durable, 
efficient, and inexpensive electrocatalysts are required before fuel cells can become 
commercially viable. This research is revolving around the development of electrocatalysts 
such as non-noble metal oxygen reduction reaction (ORR) catalyst, new alternative supports, 
and novel Pt nanostructures to address the above-mentioned challenges in PEMFCs. 
Firstly, we report the synthesis of nitrogen doped carbon nanotubes (CNx) and nitrogen doped 
graphene (N-graphene) with the various nitrogen contents. The relationship between 
structures and ORR activity is investigated in detail. We identified the real active site by the 
study. Most importantly, CNx and N-graphene have the comparable ORR activity even the 
improved durability compared with a platinum-based catalyst, showing the potential to 
replace costly Pt/C catalyst in alkaline fuel cells. 
Secondly, due to the advantages of N-graphene as not only a support of Pt but the non-noble 
metal ORR catalyst, we developed three different methods to prepare it: (i) post-treatment of 
graphene with ammonia (ii) from CNx to N-graphene directly (iii) one-step solvothermal 
process. Especially, by the solvothermal method, for the first time, nanoflower-like N-
graphene was obtained with pure sp
2
 hybridized carbon and the controllable nitrogen types. 
Importantly, the synthesized materials exhibit much higher durability as Pt support for fuel 
cells than commercial carbon powder. 
Thirdly, previous results have shown that star-like Pt nanowires have both good catalytic 
activity and durability for ORR. However, there is a limitation in scale up and controlling 
length and shape of Pt nanowire for previous method. Here we report a universal method to 
address the challenge. It is a very simple, green and efficient wet chemical route without any 
surfactant and template to produce urchin-shaped Pt nanostructures in high yield. 
In summary, the discoveries in this thesis contribute to development of fuel cell cathode 
electrocatalysts and make the improvement in electrocatalyst cost and stability. 
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Chapter 1  
1 Introduction 
1.1 Fundamentals of PEM fuel cells 
Energy shortages and environmental pollution are serious challenges that humanity will 
face for the long-term. The world power demand is expected to double from 14 terawatts 
(TW) in the year 2000 to 28 TW by the year 2050 [1]. Fuel cells are innovative energy 
conversion devices that, with the help of catalysts, convert chemical energy to electrical 
energy [2]. As long as fuel is supplied, the fuel cell will continue to generate 
power. Since the conversion of the fuel to energy takes place via an electrochemical 
process, not combustion, the process is clean, quiet, and highly efficient-two to three 
times more efficient than fuel burning (see Fig.1-1) [3]. At about 200 
o
C, fuel cell can 
have 77% efficiency, whereas the efficiency limit is only is 30% for heat engine such as 
steam or gas turbines. Therefore, fuel cells have the potential to solve both energy crisis 
and pollution problems.  
 
Figure 1-1 Maximum H2 fuel cell efficiency at standard pressure, with reference to 
higher heating value. The Carnot limit is shown for comparison, with a 50 
o
C 
exhaust temperature. 
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Among various types of fuel cells [3], Proton Exchange Membrane Fuel Cells (PEMFCs) 
are attracting much more attention, and may, eventually, become a choice for power 
production due to their many advantages. They are all solid-state and compact, and can 
thus provide high power density. Their low operating temperature should also lead to 
quick start up and shut down. The tolerance of PEM fuel cells to the presence of CO2 is 
attractive in comparison with other fuel cells, which can also exhibit high power density 
and fast start up.  
Membrane electrode assembly (MEA) is the heart of a single PEMFC, which consists of 
two electrodes (anode and cathode) and a separating proton exchange membrane (usually 
Nafion
®
). The schematic of MEA is shown in Fig.1-2. A stream of hydrogen is delivered  
 
Figure 1-2 Schematic of the working principle for PEMFCs. 
to the anode side of the MEA. It is catalytically split into protons and electrons. The 
newly formed protons permeate through the polymer electrolyte membrane to the cathode 
side. The electrons travel along an external load circuit to the cathode side of the MEA, 
thus creating the current output of the fuel cell. Meanwhile, a stream of oxygen is 
delivered to the cathode side of the MEA. At the cathode side oxygen molecules react 
with the protons permeating through the polymer electrolyte membrane and the electrons 
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arriving through the external circuit to form water molecules. In the whole process, only 
electricity and water is produced. Therefore it is an environmentally friendly device. Each 
individual cell produces a voltage of about 0.6-0.7 V. To provide a suitable voltage, 
individual cells are stacked to form a fuel cell stack [4]. 
1.2 Challenges of PEM fuel cells 
As introduced above, the oxygen reduction reaction (ORR) is the cathode reaction for 
PEMFCs. The oxygen reacts on the cathode side of the PEMFCs with protons and 
electrons to form water or hydrogen peroxide according to the half-cell redox process (eq. 
1-1 and 1-2).  
            O2 + 4 H
+
 + 4 e
-
  2 H2O    E0 = + 1.229 vs. NHE      (eq. 1-1) 
            O2 + 2 H
+
 + 2 e
-
  H2O2      E0 = + 0.695 vs. NHE      (eq. 1-2)    
The direct four electron process of oxygen reduction to form water is the preferred and 
desired reaction pathway. Hydrogen peroxide formation via direct two electron process is 
the competitive reaction and leads to significant cell voltage and overall efficiency losses 
in PEMFCs due to the sluggish rate limiting reaction [5]. Figure 1-3 showed the detailed  
 
Figure 1-3 Low temperature fuel cell losses. 
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fuel cell losses, which can be broken up into four different types. These are activation 
losses, fuel crossover/internal current losses, ohmic losses, and mass 
transport/concentration losses. These losses each have a different effect on the theoretical 
voltage of the fuel cell [3]. To decrease the reaction rate loss, new developed and 
designed PEM fuel cell cathode catalysts need a maximum reducing of the hydrogen 
peroxide formation. Therefore, one of challenges for PEM fuel cells we are facing is still 
the activity of cathode catalysts. In addition, the higher cost is another barrier for the 
commercialization of fuel cell. Figure 1-4 shows the stack cost breakdown pie chart [6]. 
The electrodes represent approximately 77% of the fuel cell stack cost due to the most 
common, but expensive, platinum electrocatalyst. As the demand for Pt grows, the price 
of Pt has increased by almost three times from $520 per oz in 2002 to $1500 per oz in 
2012 over the last decade [7]. Currently, the amount of platinum catalyst required per 
kilowatt to power a fuel cell engine is about 0.5 to 0.8 grams, or 0.018 to 0.028 ounces, 
which means the platinum catalyst alone would cost between $2,300 to $3,700 to operate 
a small, 100-kilowatt two- or four-door vehicle. To make the transition to fuel cell-
powered vehicles possible, it is necessary to reduce the utilization of Pt and keep higher 
performance.  
 
Figure 1-4 Pie chart of stack baseline cost. 
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Another bottleneck problem in PEMFCs development is the limited electrochemical 
stability of the current catalysts (Pt nanoparticles supported on porous carbon). Figure 1-5 
showed the detailed schematic for the degradation of Pt/C catalyst [8]. During the duty 
cycles of repeated start-ups and shut-downs, the fuel cell undergoes high potentials that 
lead to carbon and Pt degradation processes. Pt is dissolved and/or sintered into bigger 
agglomerates. Meanwhile, the agglomeration process is accelerated by carbon corrosion 
in oxidative conditions. As a consequence, Pt particles are detached from their support 
and tend to gather together, which results in the lower fuel cell performance. The 
degradation of Pt/C has been recognized as one of the main contributors to the long-term 
degradation of fuel cell performance [9-11]. 
 
Figure 1-5 Degradation processes of Pt nanoparticles on carbon support. 
More durable, efficient, and inexpensive fuel cell electrocatalysts are desperately required 
before fuel cells can become commercially viable. 
1.3 Solutions for catalyst development 
Much of the current research on catalysts for PEM fuel cells can be classified into three 
categories [12]: (I) modifying Pt main catalyst---lower platinum content and improve its 
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activity and durability by changing catalyst particle, morphology and crystal structure; 
even alloy Pt with less expensive metals such as Fe, Co, Mn, Ni, Cu and others (II) 
looking for the novel support such as novel carbon supports, alternative carbon structures, 
and non-carbon supports (III) developing non-precious metal ORR catalyst.   
1.3.1 Modifying Pt main catalyst 
The size, shape and dispersion uniformity of Pt nanoparticles on supporting materials 
have significant effects on the catalytic activity. Great effort has been made to control the 
size of Pt nanoparticles in order to increase their catalytic activities. The maximum mass 
activity could be achieved at a particle size of 3-4 nm for ORR [13]. Recent studies 
demonstrated that the Pt nanoparticles with a diameter of 3 nm have better 
electrochemical stability than those of size 1.8 nm. Because the adsorption behaviors of 
species involved in the electrochemical reaction appears differently on various facets of 
the nanocrystals, platinum nanocrystals having well-defined shapes, such as cubes, 
octahedrons, tetrahedrons, and their overgrown forms, have been achieved and studied 
[14-16].
 
Some unconventional shapes, for instance, Pt tetrahexahedral (THH) 
nanocrystals, have also been achieved by electrochemical treatment. And it is several 
times more efficient per unit surface area for the oxidation of small organic molecules, 
compared to Pt nanospheres and commercial Pt/C catalysts [17].
 
Interestingly, 1D 
nanostructures (nanowires and nanotubes) and nanostar of Pt also show increase in both 
catalytic activity and stability for fuel cell applications [18-20].
 
In addition, Pt alloy and 
bimetals, or trimetals nano-catalysts have been developed to remarkably reduce Pt 
loading while enhancing the catalytic performance [21-27]. Typically, Stamenkovic et al. 
demonstrated that the Pt3Ni(111) surface is 10-fold more active for the ORR than the 
corresponding Pt(111) surface and 90-fold more active than the current state-of-the-art 
Pt/C catalysts for PEMFCs [22]. The Pt3Ni(111) surface has an unusual electronic 
structure (d-band center position) and arrangement of surface atoms in the near-surface 
region. Under operating conditions relevant to fuel cells, its near-surface layer exhibits a 
highly structured compositional oscillation in the outermost and third layers, which are 
Pt-rich, and in the second atomic layer, which is Ni-rich. The weak interaction between 
the Pt surface atoms and nonreactive oxygenated species increases the number of active 
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sites for O2 adsorption. Xia et al. developed Pd-Pt bimetallic nanodendrites consisting of 
a dense array of Pt branches on a Pd core, which are two and a half times more active on 
the basis of equivalent Pt mass for the ORR than the state-of-the-art Pt/C catalyst and five 
times more active than the first-generation supportless Pt-black catalyst due to relatively 
large surface areas and particularly active facets [23]. Adzic et al. demonstrated that 
platinum oxygen-reduction fuel-cell electrocatalysts can be stabilized against dissolution 
under potential cycling regime by modifying Pt nanoparticles with gold clusters [27]. 
1.3.2 Looking for the novel supports 
Carbon black has been extensively used as a support for PEMFCs due to its fine 
properties and low cost. However, carbon black is known to undergo electrochemical 
oxidation to surface oxides and, finally, to CO2 at the cathode in the fuel cell, where it is 
subjected to low pH, high potential, high humidity, and high temperatures (~80 ºC). As 
carbon black corrodes, Pt supported on carbon black will detach from the electrode and 
possibly aggregate to larger particles, resulting in Pt surface area loss, which 
subsequently lowers the performance of PEMFCs [9, 28]. Therefore, many efforts have 
been made to develop more stable, high-surface-area carbon supports or other alternative 
carbon structures in an attempt to improve the durability of PEMFCs electrocatalysts 
[29]. Various carbon nanostructures such as single walled nanotubes [30], multiwalled 
nanotubes [31], stacked nanocups [32], graphitic nanofibers [33], graphene [34, 35], and 
mesoporous carbon materials [36] have been investigated as catalyst supports for 
PEMFCs. It has been shown that the structures and properties of the carbon supports, 
such as surface functional groups, graphitizing structure, and surface area, have a large 
effect on the activity and durability of the catalysts. The graphitic carbon (e.g. carbon 
nanotubes) is more stable than the conventionally used carbon black [37, 38]. In fact, 
Pt/carbon nanotubes have shown better performance and higher stability than Pt/carbon 
black due to the unique structure and properties of carbon nanotubes [31]. On the other 
hand, some metal oxides (TiOx, NbOx, etc.) even nanostructured crystalline organic 
whisker supports with appreciable electronic conductivity and electrochemical corrosion 
tolerance have also been developed [39-41]. Pt and Pt alloy deposited on such oxides 
have shown attractive performance toward ORR and methanol oxidation reaction (MOR). 
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3M has developed nanostructured thin film (NSTF) catalyst technology platform [41]; the 
NSTF catalysts are formed by high volume capable vacuum sputter-deposition of 
polycrystalline thin film catalyst alloys onto a supported monolayer of oriented 
crystalline organic-pigment whiskers. The whisker support particles are immune to 
corrosion and eliminate the high voltage corrosion plaguing carbon supports. To date it 
might be the only practical example of an extended surface area catalyst, which has been 
shown to eliminate or significantly reduce many of the performance, cost and durability 
barriers standing in the way of cathodes and anodes for H2/air PEMFCs for vehicles. 
1.3.3 Developing non-precious metal ORR catalyst 
The dependence on expensive Pt-based electrocatalysts in PEMFCs remains a major 
obstacle for widespread deployment of this technology in spite of substantial reduction in 
platinum catalyst loading in the past 20 years, from approximately 2 mg cm
-2
 of the MEA 
surface area to below 0.5 mg cm
-2
 without significant impact on cell performance and 
lifetime. Further reductions in Pt loading in the PEMFCs cathode run the risk of lowering 
performance. One solution to overcome this predicament is to replace Pt catalysts with 
non-precious metal catalysts at the oxygen-reducing cathode. Up to now, many efforts 
have been made to develop the alternative cathode catalysts to Pt [42-47]. Among various 
non-Pt catalysts, a class is nitrogen-doped carbon nanostructures with and without metals, 
which could potentially replace platinum in PEMFCs cathodes [48-51]. Although the 
nature of the active sites remains elusive, nitrogen has been generally identified as an 
essential element for catalytic sites. Ozkan and co-workers have prepared the active 
catalysts for ORR in the different forms of nitrogen-doped carbon nanostructures, such as 
stacked cups, solid fibers, multiwall carbon nanotubes (MWNTs), and broken MWNTs 
[52]. Dodelet and co-workers developed the nitrogen coordinated iron in a carbon matrix, 
with optimal performance equal to a platinum-based cathode with a loading of 0.4mgcm
-2
 
at a cell voltage of ≥0.9V for PEMFCs [44]. Recently, Dai and co-workers reported that 
nitrogen-doped carbon nanotube arrays (6 at.% N) have high electrocatalytic activity for 
ORR in alkaline solution [53]. Furthermore, Star and co-workers demonstrated that the 
stacked nitrogen-doped carbon nanotube cups (2-7 at.% N) have similar catalytic ability 
in ORR as Pt/carbon nanotubes in alkaline solution [54]. Particularly, this kind of catalyst 
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has the more important progress. Zelenay et al. developed an approach using polyaniline 
as a precursor to a carbon-nitrogen template for high-temperature synthesis of catalysts 
incorporating iron and cobalt [55]. The researchers found that fuel cells containing the 
carbon-iron-cobalt catalyst not only generated comparable currents with the output of 
precious-metal-catalyst fuel cells, but held up favorably when cycled on and off---a 
condition that can damage inferior catalysts relatively quickly. Another important 
contribution is the development of non-precious  
 
Figure 1-6 Summary of the progress over recent years with respect to transition 
metal oxide, carbide and nitride based materials as ORR electrocatalysts [56].  
metal carbides, oxides, oxynitrides and carbonitrides, which have been considered 
promising inexpensive electrocatalyst alternatives for fuel cell applications in recent 
years [56]. From figure 1-6, one can know clearly Ta-CNO and Zr-CNO are having the 
close activity to Pt/C. 
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1.4 Objectives of thesis 
Based on the above review, it is obvious that catalyst design is a key factor for enhancing 
the performance and realizing the commercialization of fuel cells. Surrounding the 
development of fuel cell catalysts, we will focus on the state-of-art mentioned above to 
develop new synthesis technology for 1D Pt, nitrogen doped carbon nanotubes, and 2D 
graphene-based materials, and investigate their electrochemical activity and durability. 
Figure 1-7 illustrates the separate research areas of this thesis. For Pt main catalyst, our  
 
Figure 1-7 Research topic of PEM fuel cell catalyst. 
group has proved that 1D Pt nanowires exhibited the higher ORR activity and durability 
than commercial Pt/C. But current methods for synthesis of Pt nanowires are either 
cumbersome or very difficult to scale up. The relative simple method to produce Pt 
nanowire at the large scale is always expected. In terms of support, the ideal support 
should have the following structure and properties: (i) high specific surface area, which is 
necessary for improving Pt dispersion, (ii) high electrical conductivity, (iii) low 
combustive reactivity under both dry and humid air conditions at low temperatures (150 
o
C or less), and (iv) high electrochemical stability under fuel cell operating conditions 
[37, 57]. Graphene, a new-type and two-dimensional (one-atom-thickness) allotrope of 
carbon with a planar honeycomb lattice, has attracted great interests for both fundamental 
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science and applied research due to its various remarkable properties including the ultra-
high surface area (calculated value, 2,630 m
2
g
-1
), high conductivity (resistivity: 10
-6
 Ω 
cm, less than the resistivity of silver, the lowest resistivity substance known at room 
temperature) and high chemical stability [58]. It is regarded as the basic building-block of 
carbon nanotubes and large fullerenes. All of the aforementioned properties combined 
with its unique graphitized basal plane structure and potential low manufacturing cost 
make it a promising candidate for catalyst support materials in PEMFCs. Recent work 
has shown that graphene used as Pt support has higher performance and higher Pt 
utilization over carbon black [34, 59] and higher stability [35]. However, Pt dispersion 
and size distribution have not been well controlled due to inert nature of graphene 
surface. Further investigation such as surface modification and doping other elements on 
graphene is desperately needed. As far as non-precious metal catalysts are concerned, we 
think that doping carbon materials should be good candidate. In general, chemical doping 
with N or B, P, S is considered an effective method to intrinsically modify the properties 
of carbon materials. Especially nitrogen doping plays a critical role in regulating the 
electronic and chemical properties of carbon materials due to its comparable atomic size 
and five valence electrons available to form strong valence bonds with carbon atoms. 
Theoretical study has shown that nitrogen doping results in the higher positive charge on 
a carbon atom adjacent to the nitrogen atoms [53], and a positive shift of Fermi energy at 
the apex of the Brillouin zone of graphene [60]. In our work, the promoting effect of 
nitrogen on the ORR activity was studied in detail by nitrogen doped carbon nanotubes 
(CNx) with the various nitrogen contents firstly. Also the aforementioned unique 
properties of nitrogen-doped carbon materials and graphene promoted us to investigate 
the ORR activity of nitrogen-doped graphene, even boron, phosphor, and sulfur doped 
graphene.  
1.5 Thesis structure 
This thesis consists of nine chapters and fulfills the requirements on “Integrated-Article” 
form as outlined in the Thesis Regulation Guide by the School of Graduate and 
Postdoctoral Studies (SGPS) of The University of Western Ontario. It is built up with the 
following arrangement. 
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Chapter 1 gives an introduction to proton exchange membrane fuel cell, and the 
challenge of cathode materials, as well as the state-of-art solutions for the catalyst 
development. Importantly, the thesis objective and organization are also stated clearly. 
Chapter 2 presents the detailed experimental process for synthesis, characterization, and 
performance test of nanomaterials, and provides all materials, apparatus, instruments 
used in the research.  
Chapter 3 (Non-Noble Metal Oxygen Reduction Electrocatalysts Based on Carbon 
Nanotubes with Controlled Nitrogen Contents) reports the synthesis of nitrogen doped 
carbon nanotubes with the various nitrogen contents. The relationship between structures 
of CNx and ORR activity is investigated in detail. The active site involving nitrogen, iron, 
carbon is further identified by the study. Most importantly, our best CNx electrocatalyst 
has the similar ORR activity with a platinum-based catalyst with a loading of 1.94 
microgram of platinum per square centimeter at the electrochemical window tested in 
alkaline solution, showing that CNx has the potential to replace the costly Pt/C catalyst in 
alkaline fuel cells. 
Chapter 4 (Nitrogen Doping Effects on the Structure of Graphene) gives a systematical 
investigation on the effects of N-doping on the structure of graphene by many 
characterization techniques especially XANES. Some interesting results have been 
obtained, such as more defects are present on nitrogen doped graphene, and N doping 
decreases the surface oxygen-containing groups.  
Chapter 5 (High Oxygen-Reduction Activity and Durability of Nitrogen-doped 
Graphene) makes the contribution on the development of platinum-free catalysts. We 
present here that nitrogen doped graphene (the new and 2-dimensional carbon material) 
can be synthesized easily at a large scale and it has the comparable or better activity and 
stability than the commercial Pt/C (loading: 4.85 µgPt cm
-2
) towards oxygen reduction 
reaction. And we found that quaternary type nitrogen species seem to play the most 
important role for ORR activity.  
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Chapter 6 (Nitrogen doped graphene oxide nanoribbons from Nitrogen doped carbon 
nanotubes) makes an attempt to prepare nitrogen doped graphene with high aspect ratio.  
We obtained N-graphene oxide nanoribbons (NGON) using a simple solution-based 
oxidative process to unzip CNx. The study opens a new door to synthesize nitrogen doped 
graphene at the large scale. The use of a low cost precursor and the solution-based 
procedure renders this method an attractive procedure to prepare NGON. 
Chapter 7 (One-pot Solvothermal Synthesis of Doped Graphene with the Designed 
Nitrogen Type Used as a Pt Support for Fuel Cells) reports a large-scale preparation of 
nitrogen doped graphene by a novel solvothermal method featuring a lower synthesis 
temperature than previously reported. By the method, for the first time, nanoflower-like 
nitrogen doped graphene was obtained with pure sp
2
 hybridized carbon and we realized 
the controllable synthesis of designed nitrogen types. More importantly, the synthesized 
materials exhibit much higher durability as Pt support for fuel cells than commercial 
carbon powder. The synthesis concept we proposed should pave new ways for design of 
the doped graphene materials with the controllable doping, which is especially important 
for future research and development of carbon materials for fuel cells. 
Chapter 8 (A universal method to synthesize urchin-shaped Pt nanostructures) reports a 
simple and versatile strategy for synthesizing flower-like Pt nanostructures made of 1D Pt 
nanowires. Compared with those reported methods previously, our method has the 
following main advantages: i) It can be conducted very efficiently, even at room 
temperature. ii) Without any surfactant or template, the products can be purified and 
collected easily. iii) The process is environmentally friendly. iv) The amount of product 
can easily be scaled up. Our work reveals that the simplest, natural method, often 
overlooked, may indeed yield exciting results in scientific research again. 
Chapter 9 summarizes the results and contributions of the thesis work. In addition, the 
author gives some personal opinions and suggestions for future work. 
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Chapter 2  
2 Experimental and characterization techniques  
2.1 Experimental 
2.1.1 Synthesis of carbon nanotubes with the controlled nitrogen 
contents via a floating catalyst chemical vapour deposition 
method 
The floating catalyst chemical vapour deposition method (CVD) was applied to 
synthesize CNx [1]. Typically, ferrocene (Fe(C5H5)2) (100 mg, 98%, Aldrich) was placed 
at the entrance of the furnace in the quartz tube. Different amount of melamine (50, 200, 
400, 800, and 2000 mg, 99+%, Aldrich) was placed beneath ferrocene as the nitrogen 
additive. A small piece of silicon wafer (1cm×3cm) with a 30 nm-thick aluminum buffer 
layer was located in the center of the oven. After the system was heated to 850 
o
C under 
Ar gas with a rate of 60 
o
C min
-1
, ethylene gas was introduced (Fig. 2-1). After 5 min, the 
furnace was heated to 950 
o
C. The melamine vapour was brought into the reaction 
chamber by the gas flow and it was pyrolyzed in the middle of the reaction chamber as 
the nitrogen additive. After 15 min, the ethylene gas was turned off and the system was 
cooled down to room temperature in the flowing Ar gas. The synthesized catalysts were 
marked as CNx (0%), CNx (1.4%), CNx (3.0%), CNx (5.1%), CNx (7.7%) based on the 
different nitrogen contents, respectively. 
 
Figure 2-1 The schematic drawing of our synthesis stratagem of nitrogen doped 
carbon nanotubes. 
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2.1.2 Synthesis of graphene by modified Hummers’ method 
Graphite powder was used as the starting material. Graphene was first prepared by the 
oxidation of graphite powder using the modified Hummers’ method [2, 3]. Typically, 
graphite powder (1 g) and sodium nitrate (0.75 g) were first stirred in concentrated 
sulphuric acid (37.5 mL) while being cooled in an ice water bath. Then potassium 
permanganate (4.5 g) was gradually added to form a new mixture. After 2 h in an ice 
water bath, the mixture was allowed to stand for five days at room temperature with 
gentle stirring. Thereafter, 100 mL of 5 wt% H2SO4 aqueous solution was added into the 
above mixture over 1 h with stirring. Then, 3 g of H2O2 (30 wt% aqueous solution) was 
also added to the above liquid and the mixture was stirred for 2 h. After that, the 
suspension was filtered and washed until the pH value of the filtrate was neutral. The as-
received slurry is the so-called graphite oxide. Finally, the dried graphite oxide was 
heated at 1050 
o
C for 30 s under Ar to get graphene [4]. The schematic synthesis process 
is shown in Figure 2-2. 
 
Figure 2-2 The schematic process for graphene synthesis. 
2.1.3 Synthesis of nitrogen doped graphene 
2.1.3.1 Ammonia treated method  
Nitrogen doped graphene was further obtained by heating the graphene under high purity 
ammonia mixed with Ar at 800, 900, 1000 
o
C for the different time (Figure 2-3) [5]. 
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Figure 2-3 Schematic of CVD synthesis of N-graphene. 
2.1.3.2 Solvothermal method 
A solvothermal route was employed in the synthesis as described below. Typically, 200 
mg of pentachloropyridine was placed in a 25 mL Teflon-lined autoclave. Then 
appropriate amount of metallic potassium was cut into flakes and rapidly added to the 
autoclave in the glove box. The autoclave was sealed and heated to the desired 
temperature, where it was maintained for 10 h before it was cooled to room temperature 
naturally. The products, dark precipitates, were filtered out and washed with acetone, 
absolute ethanol and water in sequence, and were then dried in a vacuum at 80 
o
C for 4 h. 
2.1.3.3 From nitrogen doped carbon nanotubes to N-graphene 
Commercial carbon nanotubes from Aldrich Company were used as the precursor to form 
graphene oxide nanoribbon (GON). CNx (5.1% at. N) (home-made) was selected as the 
precursor to produce N-graphene oxide nanoribbon (NGON). They were first prepared by 
the oxidation of precursors using the modified Hummers’ method [2, 3]. Typically, 
precursor (50 mg) and sodium nitrate (37.5 mg) were first stirred in concentrated 
sulphuric acid (3 mL) while being cooled in an ice water bath. Then potassium 
permanganate (225 mg) was gradually added to form a new mixture. After two hours in 
an ice water bath, the mixture was allowed to stand for one day at room temperature with 
gentle stirring. Thereafter, 30 mL of 5 wt% H2SO4 aqueous solution was added into the 
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above mixture over 1h with stirring. Then, 1 mL of H2O2 (30 wt% aqueous solution) was 
also added to the above liquid and the mixture was stirred for 2h. After that, the 
suspension was filtered and washed until the pH value of the filtrate was neutral. The as-
received slurry is then sonicated to get the so-called GON and NGON. 
2.1.4 Synthesis of S, P doped graphene 
For sulphur-doped graphene, graphene was dispersed to acetone with toluenesulfonic 
acid (TSA) [6]. Regarding phosphor-doped graphene, graphene was dispersed to ethanol 
with triphenyphosphine (TPP) [7]. The slurries were stirred at room temperature until 
totally evaporating the solvent. Then the resulting products were dried at 100 
o
C and 
finally which were calcined at 900 
o
C with Ar protection for 1 hour. Thus, the S or P-
containing graphene was obtained.  
2.1.5 Synthesis of dendritic Pt nanostructures via a universal 
chemical method 
The synthesis of dendritic Pt nanostructures made of Pt nanowires was conducted in 
aqueous solution, by the chemical reduction of Pt precursor with the reductive agents 
containing –OH, -CHO, or –COOH groups at lower temperatures (less than 80 oC) [8]. 
There will be not additional stabilizing agent used. Many reductive agents have been tried 
to the synthesis of novel Pt nanostructures, such as methanol, ethanol, iso-propanol, 
ethylene glycol, formaldehyde, formic acid, glucose, ascorbic acid, etc. Typically, for the 
synthesis of dendritic Pt nanostructures, 0.015 g potassium tetrachloroplatinate (K2PtCl4, 
99.9 %, Sigma-Aldrich) and 1 mL formaldehyde (HCHO, 37 wt.% solution in water, 
Sigma-Aldrich) were dissolved in 10 mL H2O and stored at room temperature for 72 h. 
The solution turned from light-pink to grey and then to dark brown. We have tried 
various experimental parameters, such as different reaction temperatures, different pH 
values, different concentrations, etc. The current conditions used in this thesis are the 
optimized parameters. 
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2.2 Characterization techniques  
2.2.1 Physical characterization (SEM, TEM, XPS, XRD, BET, and 
Raman spectra) 
To fully understand physical and chemical properties of the samples, a variety of 
analytical techniques have been used in this thesis. 
The morphologies of the samples were characterized by Hitachi S-4800 field-emission 
scanning electron microscopy (SEM) operated at 5.0 kV, Philips CM10 (transmission 
electron microscopy) TEM operated at 80 kV. The instruments are shown in figure 2-4, 
2-5, respectively. High-resolution transmission electron microscopy (HRTEM) and 
selected area electron diffraction (SAED) were characterized by a JEOL 2010 FEG 
microscope operated at 200 kV. 
 
Figure 2-4 A photo of our SEM (Hitachi S-4800). 
BET is used to determine the specific surface area, pore size, and pore volume of samples  
by Folio Micromeritics TriStar II 3020 surface area and porosity analyzer. Also the 
detailed structures for our samples have been characterized by X-ray diffraction (XRD),  
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Figure 2-5 A photo of our TEM (Philips CM10). 
Raman spectra, Fourier transform-infrared (FT-IR) spectra. The XRD patterns were 
recorded on a Bruker D8 Advance diffractometer equipped with a Cu Ka radiation 
source. FT-IR measurements were carried out by the KBr method using a Nicolet 6700 
FT-IR spectrometer. FT-IR spectra were recorded in the transmittance mode over the 
range of 400-4000 cm
-1
 by averaging 16 scans at a resolution of 4 cm
-1
. Raman scattering 
spectra were collected on a HORIBA Scientific LabRAM HR Raman spectrometer 
system equipped with a 532 nm laser. A laser energy filter value of 2 was applied, which 
prevents decomposition of the samples. The spectra were taken between 100 and 1000 
cm
-1
 in a backscattering configuration at room temperature. The nitrogen contents for N-
graphene and S or P contents were determined by Kratos Axis Ultra Al (alpha) X-ray 
photoelectron spectroscopy (XPS) operated at 14 kV. The XPS data was collected with a 
dual anode X-ray source using Mg K irradiation with the energy of 1253.6 eV. Binding 
energies were measured using a hemispherical energy analyzer with fixed pass energy of 
50 eV that gave an energy resolution of approximately 1.1 eV. The data was analyzed 
using an XPS data analysis software, Advantage, version 3.99 developed by Thermo VG 
Scientific. Fittings of the peaks were performed using Gaussian–Lorentzian product 
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function and Shirley background algorithm. The sensitivity factors were also taken into 
account when we did the quantitative analysis. Furthermore, the synchrotron-based X-ray 
Absorption Near Edge Structure (XANES) spectroscopy measurements were performed 
at the Canadian Light Source (CLS) on the High Resolution Spherical Grating 
Monochrometor (SGM) beamline for the CK-, NK-, and OK-edge spectra. This beamline 
uses a 45 mm planar undulator and three gratings to cover a photon energy region from 
250 to 2000 eV. It offers an energy resolution greater than 5000 E/ΔE at energy below 
1500 eV [9]. The beamline is capable of providing 10
12
 photons per second at 250 eV and 
exceeds 10
11
 photons per second up to 1900 eV at 100 mA. Spectra were recorded in the 
fluorescence yield mode (FLY) using a microchannel-plate detector and the total electron 
yield (TEY) mode measuring the sample current. All spectra were normalized to the 
intensity of the incident beam (I0), measured simultaneously as the current emitted from a 
gold mesh located after the last optical elements of the beamline. 
2.2.2 Electrochemical characterization  
The electrochemical characterizations of the catalysts were conducted in a standard three-
compartment electrochemical cell using a glassy carbon (GC) rotating ring disk electrode 
(RRDE: d=5mm, Au ring (6.5mm i.d., 7.5mm o.d.)) setup on an Autolab 
potentiostat/galvanostat (Model, PGSTAT-30, Ecochemie, Brinkman Instruments) with 
rotation control (MSR, Pine Instruments) (as shown in Figure 2-6, 2-7). Usually, a Pt 
wire was used as the counter electrode and an Ag/AgCl (3 M NaCl) or Hg/HgSO4 
(saturated K2SO4) was used as the reference electrode. For convenience, all potentials in 
this thesis are referenced to the standard hydrogen electrode (SHE). For carbon materials, 
a typical catalyst film was produced at the disk electrode according to the following 
procedure: 5 mg of CNx, or N-graphene was suspended in the solution (1080 μL ethanol 
and 180 μL of 5 wt% Nafion) and ultrasonically blended for 30 min. 10 μL of this 
suspension was dropped on the disk electrode. For Pt/C or Pt/N-graphene catalyst, the ink 
was prepared by dispersing 5 mg of the electrocatalysts in 2.5 mL of ethanol and was 
subject to ultrasonification for 30 min. Then 20 μL of the catalyst powder dispersion was 
dropped onto the surface of disk electrode. After drying the droplet at 60 °C, 20 μL of a 
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0.05 wt % Nafion alcoholic solution was further dropped on the electrode surface and 
heated again at 60°C to stabilize the electrocatalysts [10]. 
 
Figure 2-6 Autolab potentiostat/galvanostat (Model, PGSTAT-30, Ecochemie, 
Brinkman Instruments) with rotation control (MSR, Pine Instruments). 
 
Figure 2-7 Sketch of a rotating ring-disk electrode apparatus [11]. 
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2.2.2.1 Cyclic voltammetry  
The electrodes were first pretreated to remove surface contamination by cycling the 
electrode potential between 0.05 and 1.2 V vs SHE at 50 mV s
-1
 for 50 cycles in nitrogen 
saturated electrolyte. 50 cycles should be enough to assure quasi-steady-state 
voltammograms. Then, the cyclic voltammetry measurements were conducted by cycling 
the potential between 0.05 and 1.2 V, with sweep rate of 50 mV s
-1
. For each sample, at 
least three tests were run under the same condition for obtaining its repeatability. 
2.2.2.2 ORR using rotation ring-disk electrode   
Cyclic voltammograms (CVs) were recorded by scanning the disk potential from 1.20 to 
0.05 V (0.5 M H2SO4 solution) and from 0.4 to −1.0V (0.1M KOH solution) vs SHE at a 
scan rate of 5mVs
-1
. And the ring potential was maintained at 1.2 and 0.7 V vs SHE,  
 
Figure 2-8 Analysis of a linear sweep voltammogram (Pt/C, 0.05 – 1.20 V vs. SHE, 5 
mV s
-1
, 1600 rpm, saturated O2, 0.5 M H2SO4, room temperature). 
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respectively, for acid and alkaline solutions in order to oxidize any hydrogen peroxide 
produced. First, CVs were recorded at 5 mVs
-1
 using nitrogen atmosphere to obtain the 
background capacitive currents. Next, CVs were recorded using the oxygen-saturated 
electrolyte. The electrolyte solution was purged with oxygen for 30 min before 
commencing oxygen reduction on the disk electrode. All ORR test were performed with a 
rotating speed of 1600 rpm (rounds per minute). Figure 2-8 gives a typical analysis for 
linear sweep voltammogram of ORR. Usually, the ORR activity is evaluated by 
comparing the half-wave potential. The higher the half-wave potential, the higher the 
activity of the catalyst is [12, 13].    
2.2.2.3 Accelerated durability test (ADT) 
The accelerated durability test [14] was conducted with a thin film electrode. For Pt-
based catalysts, the electrode was cycled between 0.6 and 1.2 V for 4,000 cycles in an 
O2-saturated H2SO4 solution (0.5 M) at room temperature, with scan rate of 50 mV s
-1
. 
Meanwhile, full-scale voltammograms between 0.05 and 1.2 V in N2 saturated 0.5 M 
H2SO4 were recorded to track the degradation of the Pt catalysts. The scan rate was kept 
at 50 mV s
-1
 constantly [15, 16]. The platinum electrochemical active surface area 
(ECSA) was calculated using the mean integral charge of the hydrogen 
adsorption/desorption area with double layer current corrected at 0.4 V vs. SHE and with 
210 μC cmPt
-2
, assuming one hydrogen atom observed to one platinum atom (see Figure 
2-9). The durability was evaluated by comparing the change of ECSA. For non-noble 
metal ORR catalysts, the durability was evaluated by tracking the change of the current 
density for the ORR at 0.05 V with the potential cycles from the cyclic voltammograms. 
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Figure 2-9 Analysis of cyclic voltammogram (Pt/C, 0.05 – 1.20 V vs. SHE, 50 mV s-1, 
saturated N2, 0.5 M H2SO4, room temperature). 
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Proton exchange membrane fuel cells (PEMFCs) are being considered as a potential 
alternative energy conversion device for stationary and automotive applications, which 
use platinum supported on carbon black as electrocatalysts in both the anode and the 
cathode. Pt is a highly expensive material and has a geopolitical and availability 
shortcoming. Most importantly, Pt is still not an ideal material for use in a PEMFCs 
cathode for oxygen reduction reaction (ORR) because of poor performance. The search 
for cheap and more active electrocatalysts for ORR is thus of great importance. Among 
the current non-noble metal catalyts, the nitrogen-doped carbon nanotubes (CNx) show 
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promising results; however, the promoting effect of nitrogen on the ORR activity has not 
been studied in detail with various nitrogen contents.  
In this work, we conducted a systematic study on CNx system by preparing a series of 
catalysts via a floating catalyst chemical vapor deposition method using precursors 
consisting of ferrocene and melamine to control the nitrogen content. The emphasis was 
mainly placed on study of the correlation between surface structure and the ORR activity 
in acid and alkaline solutions. Structure, morphology and composition of all CNx 
catalysts were characterized by SEM, TEM, and XPS. These results indicated that the 
surface nitrogen content (up to 7.7 at%) increases with the increase of melamine used. 
Electrochemical data indicated that the higher the nitrogen content is, the higher the 
oxygen reduction activity. Especially, the results demonstrated that CNx (7.7%) has 
similar ORR activity and selectivity with commercial Pt/C in alkaline solution. Therefore, 
nitrogen-doped carbon nanotubes may have the potential to replace the costly Pt/C 
catalyst in fuel cells in an alkaline solution. 
 
Keywords: Oxygen reduction reaction, Nitrogen-doped carbon nanotubes, Proton 
exchange membrane fuel cells, Rotating ring disk electrode. 
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3.1 Introduction  
Proton exchange membrane fuel cells (PEMFCs) are being considered as a potential 
alternative energy conversion device for stationary and automotive applications, which 
use platinum supported on carbon black as electrocatalysts in both the anode and the 
cathode [1]. Pt is a highly expensive material and has a geopolitical and availability 
shortcoming. Most importantly, Pt is still not an ideal material for use in a PEMFCs 
cathode because of poor performance compared to what may theoretically be attainable. 
Therefore, many efforts have been made to develop the alternative cathode catalysts to Pt 
[2-11]. Among various non-Pt catalysts, a class is nitrogen-doped carbon nanostructures 
with and without metals, which could potentially replace platinum in PEMFCs cathodes 
[12-24]. Although the nature of the active sites remains elusive, nitrogen has been 
generally identified as an essential element for catalytic sites. Ozkan et al. have prepared 
the active catalysts for ORR in the different forms of nitrogen-doped carbon 
nanostructures, such as stacked cups, solid fibers, multi-wall carbon nanotubes 
(MWNTs), and broken MWNTs [25]. Dodelet et al. developed the nitrogen coordinated 
iron in a carbon matrix, with optimal performance equal to a platinum-based cathode with 
a loading of 0.4 mg cm
-2
 at a cell voltage of ≥ 0.9 V for PEMFCs [22]. Recently, Dai and 
co-workers reported that nitrogen-doped carbon nanotube arrays (6 at% N) have high 
electrocatalytic activity for ORR in alkaline solution [23]. Furthermore, Star et al. 
demonstrated that the stacked nitrogen-doped carbon nanotube cups (2-7 at% N) have 
similar catalytic ability in ORR as Pt/carbon nanotubes in alkaline solution [24]. Among 
the above catalysts, the nitrogen-doped carbon nanotubes show promising results; 
however, the promoting effect of nitrogen on the ORR activity has not been studied in 
detail with various nitrogen contents [26, 27].  
In this work, we conducted a systematic study on CNx system by preparing a series of 
catalysts with various nitrogen contents and studied their ORR activity in not only acid 
solution but also alkaline solution. In addition, the activities were compared with that of 
the commercial Pt/C catalyst. We will show here that CNx (7.7%) has the similar ORR 
activity and selectivity with commercial Pt/C in alkaline solution.   
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3.2 Experimental 
3.2.1 Preparation of CNx  
The floating catalyst chemical vapor deposition method was applied to synthesize CNx 
[28]. Typically, ferrocene (Fe(C5H5)2) (100 mg, 98%, Aldrich) was placed at the entrance 
of the furnace in the quartz tube. Different amount of melamine (50, 200, 400, 800, and 
2000 mg, 99+%, Aldrich) was placed beneath ferrocene as the nitrogen additive. A small 
piece of silicon wafer (1 cm  3 cm) with 30 nm-thick aluminum buffer layer was located 
in the center of the oven. After the system was heated to 850 
o
C under Ar gas with a rate 
of 60 
o
C/min, ethylene gas was introduced. After 5 minutes, the furnace was heated to 
950 
o
C. The melamine vapor was brought into the reaction chamber by the gas flow and 
it was pyrolyzed in the middle of the reaction chamber as the nitrogen additive. After 15 
minutes, the ethylene gas was turned off and the system was cooled down to room 
temperature in the flowing Ar gas. The synthesized catalysts were marked as CNx (0%), 
CNx (1.4%), CNx (3.0%), CNx (5.1%), CNx (7.7%) based on the different nitrogen 
contents, respectively. 
3.2.2 Physical characterizations 
The samples were characterized by Hitachi S-4800 field-emission scanning electron 
microscopy (SEM) operated at 5.0 kV, Philips CM10 transmission electron microscopy 
(TEM) operated at 80 kV. Furthermore, a JEOL 2010 FEG TEM at 200 kV was used to 
obtain the high resolution imaging. The nitrogen contents on the surface of all catalysts 
were also determined by Kratos Axis Ultra Al (alpha) X-ray photoelectron spectroscopy 
(XPS) operated at 14 kV.  
3.2.3 Electrochemical characterization  
Autolab potentiostat/galvanostat (model PGSTAT-30 Ecochemie Brinkman Instruments) 
and a three-compartment cell were employed for the electrochemical measurement. The 
electrocatalytic activity of CNx was studied using the rotating ring disk electrode (RRDE) 
technique. Briefly, a rotating ring disk electrode from Pine Instruments employing a 
glassy carbon (GC) disk (d = 5 mm) and Au ring (6.5 mm i.d., 7.5 mm o.d.) was used as 
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the working electrode. Platinum wire and Ag/AgCl electrode were used as the counter 
and the reference electrode, respectively. The potentials presented in this study are 
referred with respect to standard hydrogen electrode (SHE). A typical catalytic film was 
produced at the disk electrode according to the following procedure: 5 mg of CNx was 
suspended in the solution (1080 μL ethanol and 180 μL of 5 wt % Nafion) and 
ultrasonically blended for 30 min. 10 μL of this suspension was dropped on the disk 
electrode. Cyclic voltammograms (CVs) were recorded by scanning the disk potential 
from 1.20 to 0.05 V (0.5 M H2SO4 solution) and from 0.4 to -1.0 V (0.1 M KOH 
solution) vs SHE at a scan rate of 5 mV s
-1
. And the ring potential was maintained at 1.2 
and 0.7 V vs SHE, respectively for acid and alkaline solutions in order to oxidize any 
hydrogen peroxide produced. First, CVs were recorded at 5 mV s
-1
 using nitrogen 
atmosphere to obtain the background capacitive currents. Next, CVs were recorded using 
the oxygen-saturated electrolyte. The electrolyte solution was purged with oxygen for 30 
min before commencing oxygen reduction on the disk electrode. 
3.3 Results and discussion  
3.3.1 SEM, TEM and XPS analysis 
The morphology and structure of CNx are presented in Figure 3-1. Figure 3-1 shows the 
representative SEM image of the CNx (1.4%). It can be seen that CNx with high density 
were formed and totally covered the silicon wafer.  
 
Figure 3-1 (a) SEM image of CNx prepared with 200 mg of melamine; (b) the 
magnified images. 
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Typical TEM images of the catalysts (CNx (1.4%), CNx (3.0%), CNx (5.1%), and CNx 
(7.7%) are also presented in Fig. 3-2a, b, c, and d. From these figures, it can be seen that 
with the increase of melamine used, inner structure of the CNx displays a regular 
morphology transition from a straight and smooth wall (melamine of 50 mg) to cone-
stacked shaped or bamboo-like structure (melamine of 200 mg), then to corrugated 
structure (melamine of 400 mg and above). To characterize the surface composition of  
 
Figure 3-2 TEM images of CNx prepared with various amount of melamine: (a) 50 
mg, (b) 200 mg, (c) 400 mg, (d) 2000 mg. 
the samples, all of CNx catalysts prepared were analyzed by XPS. Table 3-1 shows the 
results of XPS analysis. An important trend is apparent in these results. The surface 
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nitrogen content increases with increasing melamine amount used for preparing CNx. But 
the nitrogen content can only be 7.7 % at most by the method. The limitation might come 
from the nitrogen precursor and catalyst used. The more detailed structure analysis has 
been reported in our previous work [28].  
Table 3-1 Surface composition (at. %) determined with XPS experiments. 
Sample C N O Fe 
CNx (0%) 99.6 / 0.4 / 
CNx (1.4%) 96.3 1.4 1.8 0.4 
CNx (3.0%) 96.5 3.0 0.3 0.2 
CNx (5.1%) 93.8 5.1 0.7 0.4 
CNx (7.7%) 91.6 7.7 0.5 0.2 
/ — below detection limit 
3.3.2 ORR activities of CNx in acid solution 
Fig. 3-3a shows the cyclic voltammograms of CNx (7.7%) catalyst in N2-saturated 0.5 M 
H2SO4 (black lines) and in O2-saturated 0.5 M H2SO4 (red lines). During both anodic and 
cathodic potential sweeps, an enhanced cathodic current was observed for the CV with 
the O2-saturated solution than for the N2-saturated solution. The enhanced cathodic 
current is due to the ORR on CNx. To study the influence of various nitrogen contents in 
CNx on the ORR activity, the polarization curves at a rotation speed of 900 rpm were 
recorded (Fig. 3-3b). We can see that the curves did not reach any diffusion limited 
current plateau within the whole potential range. The onset potential (EORR), a key factor 
for evaluating the catalyst activity, is defined as the potential where the enhanced 
cathodic current begins to be observed on the CV. For all CNx, the values are quite 
different, spanning a potential range of about 300 mV. It indicates a large variation in the 
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electrocatalytic activity among these materials. The positive shift of EORR with increasing 
 
Figure 3-3 (a) Typical CV curves of CNx (7.7%) in 0.5 M H2SO4. Scan rate: 5 mVs
-1
; 
rotation speed: 900 rpm. (b) ORR polarization curves at a rotation speed of 900 rpm 
for the different CNx with the loading of 160 µg cm
-2
. 
nitrogen content in CNx implies an improved catalytically active (kinetically more facile) 
for O2 reduction. In an attempt to correlate the iron, nitrogen surface concentration and 
the onset potential, some interesting phenomena are obtained. There is no clear 
correlation of the onset potential with the iron content. Many researchers consider that 
graphene-coordinated FeN4 or FeN2 moieties are active sites [16, 22, 29]. However, the 
role of iron has been doubted recently. Ozkan et al. stated that iron acts as a catalysts for 
building the active site but is not a part of it itself [30]. Nevertheless, iron and nitrogen 
are very important to achieve electrocatalytic activity. Actually all catalysts containing Fe 
and nitrogen (CNx (1.4%), CNx (3.0%), CNx (5.1%), CNx (7.7%)) are more active than 
the catalyst without Fe and nitrogen (CNx (0%)), as shown in Table 3-1. Furthermore, a 
dependence of ORR activity on nitrogen content in CNx was obtained. Obviously, we can 
see that the onset potential of ORR increases with the increase of nitrogen content from 
Table 3-2. We can thus believe that the N-content should play a dominant role. The 
enhanced activity of the CNx catalysts toward oxygen reduction is a direct result of 
nitrogen doping. Some special C-N structure of CNx catalysts may be responsible for the 
enhancement of ORR activity. Ozkan et al. think that the higher activity of N-doped  
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Table 3-2 The onset electrode potentials for the ORR on various CNx electrodes. 
 CNx 
(0%) 
CNx 
(1.4%)  
CNx 
(3.0%)  
CNx 
(5.1%)   
CNx 
(7.7%) 
EORR / V(vs SHE) in 0.5 
M H2SO4 
0.410 0.480 0.600 0.631 0.705 
EORR / V(vs SHE) in 0.1 
M KOH 
-0.013 0.040 0.107 0.170 0.167 
carbon fibers should be related to edge plane exposure, and not necessarily to the 
presence of metal residues [15]. In addition, an experimental and theoretical study of 
oxygen reduction on nitrogen-doped graphite has been presented by Anderson’s group 
[20]. Their results showed that substitutional nitrogen atoms that are far from graphite 
sheet edges will be active, and those that are close to the edge will be less active. 
In view of the higher catalytic activity of CNx (7.7%), the kinetic behavior of ORR on 
CNx (7.7%) electrode was further investigated using RRDE (Figures 3-4 and 3-5) [31, 
32]. The voltammograms of CNx (7.7%) (Figure 3-4) show a large current increase when 
the disk electrode rotates at 400 and 900 rpm. The large cathodic current results from an 
increase of the surface oxygen concentration available at the electrode surface due to the 
rotation. However, there is no well-defined limiting current plateau at any rotation rate. 
With the increase of rotation rate from 0 to 400 and 900 rpm, the line is more inclined. 
All these demonstrated that the reaction is under mixed kinetic control [17]. 
Simultaneously, these results also indicated that CNx is still a poorer electrocatalyst than 
Pt/C catalyst in acidic solution. Some of the electrocatalytic active sites inside the 
electrode might be in contact with O2 even at high overpotentials [33]. In addition, Anson 
et al. have proposed a model explaining that the distribution of electrocatalytic sites on 
the electrode surface is responsible for such behavior [34]. When distribution of active 
sites is less uniform and reaction is slower, the plateau is more inclined. Based on this 
model, the distribution of active sites in CNx catalysts should not be uniform.  
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Figure 3-4 Oxygen reduction currents for CNx (7.7%) in 0.5 M H2SO4 with 
saturated O2. Scan rate: 5 mV s
-1
. 
 
Figure 3-5 IDisk, IRing, n (the apparent number of electrons transferred during ORR), 
and %H2O2 measured by RRDE in O2 saturated H2SO4 at room temperature for 
CNx (7.7%). 
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To obtain selectivity data, both ring and disc currents at 900 rpm were recorded by RRDE 
measurements. For CNx (7.7%) catalyst, Fig. 3-5 presented the reduction currents on the 
disk and the oxidation current on the ring, versus the potential applied on the disk. The 
apparent number of electrons transferred during ORR, n, and the percentage of H2O2 
released during ORR, %H2O2 were shown there as well as. The following equations are 
used to calculate n and %H2O2 [32]: 
n = 4 ID / (ID + (IR / N))       (1) 
%H2O2 = 100 (4 - n) / 2       (2) 
Where ID is the Faradic current on the disk, IR is the Faradic current on the ring and N is 
the ring collection efficiency (reported by the manufacturer to be 0.37). It can be seen 
that both IR and ID onset at about the same potential; and IR increases with increasing ID. 
The maximum of the ring current is not reached at the potential window applied. 
However, very little peroxide was formed on the CNx (7.7%) sample, demonstrating its 
ability to completely reduce oxygen to water. Also from this figure, we can see that the 
apparent numbers of electrons transferred during ORR are close to 4 at the potentials 
lower than 0.5 V for CNx (7.7%) (while n = 3.4 for CNx (5.1%), and n<1 for CNx (3.0, 
1.4, 0%) at 0.5 V), which further demonstrated its selectivity is high. Although CNx 
catalysts have the lower activity than Pt/C catalyst for ORR mentioned above, the CNx 
with high nitrogen content has high selectivity. Apparently, there is a loose correlation 
between activity and selectivity for the ORR, which has been reported by Ozkan and co-
workers [15]. 
3.3.3 ORR activities of CNx in alkaline solution 
The CNx towards ORR was also studied in alkaline solution. The effect of the electrode 
rotating rate on the ORR current over CNx (7.7%) catalyst is shown in Figure 3-6a. The 
recorded ORR currents increase with increasing the electrode rotating rate. This is 
consistent with the general understanding that the ORR is under mixed kinetic-diffusion 
control. Figure 3-6b shows the disk current densities for CNx (7.7%) catalyst measured at 
different loadings. The data for bare GC disk electrode (no catalyst applied) is also  
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Figure 3-6 Measured ORR currents of CNx (7.7%) catalyst at different electrode 
rotation speed (a) and different catalyst loading (b). Scan rate: 5 mV s
-1
, electrolyte: 
0.1 M KOH. 
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included in this figure to show that the GC-itself is negligible. At lower loading (≤ 20 µg 
cm
-2
) no limiting current plateau is observed here. At the loading from 40 to 800 µg cm
-2
, 
not only can be the limiting current plateau obtained, but the limiting currents first 
increase and then have a decrease. It is suggested that besides the external diffusion 
limitation of oxygen from the bulk electrolyte to the electrode surface, a second mass 
transfer limitation within the catalyst layer is involved. As for the mass transfer within 
the catalyst layer, its hindrance effect is higher with the increase of catalyst loading, that 
is, with increasing thickness of the catalyst layer. In addition, one can find that EORR and 
the half-wave potentials (Ehw) of oxygen reduction increase with the increase of catalyst 
loading. All these activity data are summarized in Table 3-3. By combined analysis of 
EORR, Ehw, and current density (jdisk Faradiac), the loading of 160 µg cm
-2
 was considered to 
be the optimized loading. The importance of the catalyst loading to study the ORR 
activity is well recognized [35]. 
Table 3-3 The catalytic activity data for GC and CNx (7.7%) with different loading. 
Data were obtained from Fig. 3-6b. 
Catalyst GC CNx (7.7%) 
20 µg cm-2  40 µg cm-2  80 µg cm-2  160 µg cm-2  400 µg cm-2  800 µg cm-2 
EORR / V(vs SHE) 0.014 0.118 0.132 0.155 0.162 0.186 0.181 
Ehw / V(vs SHE) - - -0.251 -0.171 -0.087 -0.041 -0.033 
jdisk Faradiac@-0.150V 0.403 0.712 0.558 1.202 1.649 1.478 1.379 
jdisk Faradiac@-0.992V 1.903 2.202 2.336 2.730 2.327 1.841 1.602 
The polarization curves of oxygen reduction on CNx catalysts with different nitrogen 
contents are shown in Figure 3-7. The perfect limiting current plateau can only be 
observed on the catalysts with high nitrogen content (5.1 and 7.7%). Also, there is no 
clear dependence of current density on the nitrogen content. However, it was observed 
that the EORR shifts positively with increasing the nitrogen content. These values are also 
given at Table 3-2. 
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Figure 3-7 The polarization curves of oxygen reduction on CNx catalysts with 
different nitrogen content. Electrolyte: 0.1 M KOH, scan rate: 5 mV s
-1
, and 
rotation speed: 1600 rpm. 
 
Figure 3-8 RRDE voltammograms of CNx (7.7%) and Pt/C with different loading in 
0.1 M KOH solution saturated with O2. The ring-disk electrode rotation rate was 
1600 rpm, and the Au ring electrode was held at 0.7 V. 
Based on the above results, CNx (7.7%) with the loading of 160 µg cm
-2
 was selected as a 
control sample. Its ORR activity was compared with that of commercial Pt/C catalyst. 
RRDE voltammograms for CNx (7.7%) and Pt/C with different loading are depicted in 
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Figure 3-8. For Pt/C catalysts, the value of the limiting disk current decreases with 
decreasing loading; and the ring current is low at high loading because the fraction of 
H2O2 released is low. The detailed catalytic activity data are given in Table 3-4. Herein 
the transport-corrected kinetic current (ikinetic) is obtained using the well-known Levich-
Koutecky expression:  
1/imeasured = 1/ikinetic + 1/idiffusion       (3) 
From these catalytic activity data, one can believe that CNx (7.7%, loading: 160 µg cm
-2
) 
have similar catalytic ability towards ORR, in comparison to the commercial Pt/C 
catalyst (loading: 1.94 µgPt cm
-2
). Further, we calculated their apparent number of 
electrons (n) transferred during ORR according to the disk and ring current to compare 
the selectivity. The result indicated that they have comparable n values, which is 3.8 and 
3.7 for CNx (7.7%, loading: 160 µg cm
-2
) and Pt/C (loading: 1.94 µgPt cm
-2
) at -0.20 V, 
respectively. 
Table 3-4 The catalytic activity data for CNx (7.7%) with the loading of 160 µg cm
-2
 
and Pt/C (E-TEK) with different loading. Data were obtained from Fig. 3-8. 
 
Catalyst and kinetic 
data 
Loading / 
µg cm-2 
EORR / V Ehw / V 
at 1600 rpm  
Kinetic current density  
at 0 V / mA cm-2 
Kinetic current density  
at -0.05 V / mA cm-2 
CNx (7.7%) 160 0.162 -0.087 -0.460 -1.204 
Pt/C (E-TEK) 0.97 0.161 -0.166 -0.340 -0.592 
Pt/C (E-TEK) 1.94 0.185 -0.070 -0.940 -1.759 
Pt/C (E-TEK) 4.85 0.213 -0.006 -2.643 -4.567 
 
As discussed above, the detailed structure of the active site of CNx is not clear at present. 
It might be a Fe/N/C-type structure similar to those described in the literature proposed 
by Dodelet et al. [22]. They believe that four factors are responsible to the ORR activity 
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on Fe/N/C: (i) disordered carbon content in the catalyst precursor, (ii) iron, (iii) surface 
nitrogen, and (iv) micropores in the catalyst. Using quantum mechanics calculations, Dai 
et al. [23] suggested that the strong electronic affinity of the nitrogen atoms and the 
substantially high positive charge density on the adjacent carbon atoms should contribute 
to the catalytic activity. We do not yet clearly understand why CNx have the comparable 
ORR activity with the Pt/C in alkaline solution, but much lower than that of Pt/C in acid 
solution. It may be due to quinine systems being capable of reducing oxygen catalytically 
only in a strong base [36]. The detailed mechanism needs further investigation. 
3.4 Conclusions 
CNx catalysts for ORR have been prepared. TEM and XPS results showed the nitrogen 
surface content and morphology of CNx can be controlled by adjusting the content of 
melamine used. In this work, the emphasis was mainly placed on the study of structure-
activity relationship. It has been showed that the ORR activity increased with the increase 
of surface nitrogen content in both acid and alkaline solutions according to the EORR 
values. There was not apparent correlation between the current density and the nitrogen 
surface content. However, the catalyst loading has an obvious impact on the ORR current 
density. Most importantly, the onset potential and current density of CNx (7.7%) 
electrocatalyst reported in this work is equal to a platinum-based catalyst with a loading 
of 1.94 microgram of platinum per square centimeter at the electrochemical window 
tested in alkaline solution, showing that CNx has the potential to replace the costly Pt/C 
catalyst in alkaline fuel cells. 
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Chapter 4  
4 Nitrogen doping effects on the structure of graphene 
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In Chapter 3, we demonstrated that nitrogen doping can improve the electrocatalytic 
activity of carbon nanotubes for ORR. To further design and improve this kind of non-
noble metal ORR catalyst, a central question to be answered is how nitrogen doping 
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affects the structure of carbon materials? In this chapter, we will elucidate the question 
by an example of the new carbon materials: graphene and N-graphene. 
Graphene, the two-dimensional (2D) monolayer of carbon atoms arranged in a 
honeycomb lattice, has unique physical and chemical properties, such as high surface 
area, high chemical stability, excellent conductivity, which lead graphene as an ideal 
base for applications in many fields. Since material properties are always related to the 
structure of the material, many attempts have been made to modify the electrical 
properties of graphene by controlling its structure. Chemical doping with foreign atom is 
considered an effective method to intrinsically modify the properties of carbon materials. 
Especially nitrogen doping plays a critical role in regulating the electronic and chemical 
properties of carbon materials due to its comparable atomic size and five valence 
electrons available to form strong valence bonds with carbon atoms.  
Therefore, for us it is of fundamental interest to investigate how nitrogen doping affects 
the structure of graphene and in turn the chemical properties can be adjusted 
accordingly. The question is then: what is the difference between the structure of 
graphene and N-graphene? In this chapter, we systematically investigated the effects of 
N-doping on the structure of graphene by many characterization techniques especially 
XANES. Some interesting results have been obtained, such as more defects are present on 
nitrogen doped graphene, and N doping decreases the surface oxygen-containing groups.  
 
Key words: Graphene, Nitrogen doping, Defects, Structure 
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4.1 Introduction 
Graphene, the two-dimensional (2D) monolayer of carbon atoms arranged in a 
honeycomb lattice, has recently attracted great interests for both fundamental and applied 
research since its discovery by Novoselov, Geim and their co-workers at the University 
of Manchester using the deceptively simple Scotch tape method [1]. Graphene has unique 
physical and chemical properties, such as high surface area (theoretical value: ~2630 m
2
 
g
-1
), high chemical stability, excellent conductivity (10
6
 S·cm
-1
, higher than the 
conductivity of silver, the highest conductive substance known at room temperature), 
unique graphitic basal plane structure, and the easiness of functionalization and 
production. These unique physical and chemical properties lead graphene as an ideal base 
for applications in electric device [2], biosensors [3], field effect transistors [4], 
supercapacitors [5], lithium secondary batteries [6], and fuel cells [7-10]. Since material 
properties are always related to the structure of the material, many attempts have been 
made to modify the electrical properties of graphene by controlling its structure, which 
includes preparing carbon sheets with different layers and graphene with and without 
defects by new synthesis methods [11, 12], chemical functionalization of graphene [13-
15], and chemical doping with foreign atoms [16-18]. In general, chemical doping with N 
or B is considered an effective method to intrinsically modify the properties of carbon 
materials. Especially nitrogen doping plays a critical role in regulating the electronic and 
chemical properties of carbon materials due to its comparable atomic size and five 
valence electrons available to form strong valence bonds with carbon atoms. Theoretical 
study has shown that nitrogen doping results in the higher positive charge on a carbon 
atom adjacent to the nitrogen atoms [19], and a positive shift of Fermi energy at the apex 
of the Brillouin zone of graphene [20]. Some recent experimental results also proved that 
nitrogen doped graphene (N-graphene) has higher electrocatalytic activity for the 
reduction of hydrogen peroxide and oxygen than graphene [19, 21]. Also, N-graphene 
has shown better performance in Li ion battery applications [22]. Furthermore, N-
graphene as Pt support exhibited the higher electrocatalytic activity for methanol 
oxidation than graphene [23]. Therefore, it is of fundamental interest to investigate how 
nitrogen doping affects the structure of graphene and in turn the chemical properties can 
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be adjusted accordingly. The question is then: what is the difference between the 
structure of graphene and N-graphene? To date, however, only limited works have been 
done to investigate the structural difference between graphene and N-graphene [16, 24, 
25]. Here, we report the results from a series of experiments designed and various 
advanced characterization techniques to address this question. 
In this work, we prepared the N-graphene (2.8 % N content) by the heat treatment of 
graphene under ammonia, and studied the effect of nitrogen doping on the structure of 
graphene systematically by various characterization techniques - BET (Brunauer, 
Emmett, and Teller) isotherm, scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), X-ray diffraction (XRD), Raman spectra, FT-IR spectra, X-
ray photoelectron spectroscopy (XPS), and X-ray absorption near-edge structure 
(XANES) spectroscopy.         
4.2 Experimental       
4.2.1 Preparation of graphene and N-graphene 
Graphite powder was used as the starting material. Graphene was first prepared by the 
oxidation of graphite powder using the modified Hummers’ method [26, 27]. Typically, 
graphite powder (1 g) and sodium nitrate (0.75 g) were first stirred in concentrated 
sulphuric acid (37.5 mL) while being cooled in an ice water bath. Then potassium 
permanganate (4.5 g) was gradually added to form a new mixture. After two hours in an 
ice water bath, the mixture was allowed to stand for five days at room temperature with 
gentle stirring. Thereafter, 100 mL of 5 wt% H2SO4 aqueous solution was added into the 
above mixture over 1h with stirring. Then, 3 g of H2O2 (30 wt% aqueous solution) was 
also added to the above liquid and the mixture was stirred for 2h. After that, the 
suspension was filtered and washed until the pH value of the filtrate was neutral. The as-
received slurry is the so-called graphite oxide. Finally, the dried graphite oxide was 
heated at 1050 
o
C for 30 s under Ar to get graphene [28]. Nitrogen-doped graphene was 
further obtained by heating the graphene under high purity ammonia mixed with Ar at 
900 
o
C [29]. 
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4.2.2 Physical characterizations 
The morphologies of the samples were characterized by Hitachi S-4800 field-emission 
SEM operated at 5.0 kV, Philips CM10 TEM operated at 80 kV. BET is used to 
determine the specific surface area, pore size, and pore volume. Also the detailed 
structures have been characterized by XRD, Raman spectra, FT-IR spectra. The nitrogen 
contents for N-graphene was determined by Kratos Axis Ultra Al (alpha) XPS. The 
synchrotron-based XANES spectroscopy measurements were performed at the Canadian 
Light Source (CLS) on the High Resolution Spherical Grating Monochrometor (SGM) 
beamline for the C K-, N K-, and O K-edge spectra. This beamline uses a 45 mm planar 
undulator and three gratings to cover a photon energy region from 250 to 2000 eV. It 
offers an energy resolution greater than 5,000 E/ΔE at energy below 1500 eV [30]. The 
beamline is capable of providing 10
12
 photons per second at 250 eV and exceeds 10
11
 
photons per second up to 1900 eV at 100 mA. Spectra were recorded in the fluorescence 
yield mode (FLY) using a microchannel-plate detector and the total electron yield (TEY) 
mode measuring the sample current. All spectra were normalized to the intensity of the 
incident beam (I0), measured simultaneously as the current emitted from a gold mesh 
located after the last optical elements of the beamline. 
4.3 Results and discussion  
Figure 4-1 shows the typical SEM and TEM images of graphene and N-graphene. It can 
be seen that the material is transparent with the voile-like structure. These materials 
consist of randomly crumpled sheets closely associated with each other and forming a 
disordered solid. The graphene planar sheets are clearly observed in N-doped graphene, 
indicating that the features of high surface/volume ratio and the two-dimensional 
structure of graphene morphology are well maintained. However, it is hard to distinguish 
the difference between graphene and N-graphene from the general SEM and TEM 
observations.   
Table 4-1 shows the detailed BET data for the two samples. It has been recently shown 
that graphene and N-graphene can be used as the catalysts or catalyst supports in fuel 
cells and batteries [10, 23, 31]. High specific surface area is thus usually required for the  
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Figure 4-1 SEM and TEM images of graphene (a, c) and N-graphene samples (b, d). 
Table 4-3 Specific surface area of graphene and N-graphene determined by BET 
method. 
 
Sample Specific surface area (m
2
 g
-1
) Pore volume (cm
3
 g
-1
) Pore size (Å) 
Graphene 455.6 1.34 118.1 
N-graphene 595.6 1.82 122.0 
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deposition of metals or metal oxides uniformly on these materials to enhance the electro-
chemical activity. As one expects, the specific surface area increases from 455.6 to 595.6 
m
2
 g
-1
 for graphene and N-graphene, respectively. The high specific surface area is an 
indication of a higher degree of graphite exfoliation in the latter. However, it is still lower 
than the theoretical specific surface area for completely exfoliated and isolated graphene 
sheets, due to incomplete exfoliation and the agglomeration of graphene upon rapid 
heating. Also, one can notice that the pore volume and pore size increase slightly after 
nitrogen doping. During the preparation process of N-graphene, not only nitrogen atoms 
can substitute some carbon atoms that most likely located on the reactive edge [18], but 
ammonia also reacts with graphene to form hydrogen cyanide and hydrogen (C  + NH3 = 
HCN + H2). This process consumed some carbon and may make the material more 
porous, which in turn resulted in the higher specific surface area, pore volume, and pore 
size.     
 
Figure 4-2 Raman spectra of graphene and N-graphene samples. 
In order to evaluate the degree of structural deformations of the graphene and N-graphene 
samples, Raman spectroscopy was carried out (Fig. 4-2). Two distinct peaks were 
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observed. The D band, at approximately 1340 cm
-1
 for our samples, is disorder induced, 
attributable to structural defects and other disordered structures on the graphitic plane. 
The G band, at approximately 1570 cm
-1
, is commonly observed for all graphitic 
structures and can be attributed to the E2g vibrational mode present in the sp
2
 bonded 
graphitic carbons. The intensity ratio of D band to G band, namely the ID/IG ratio, 
provides the gauge for the amount of structural defects and a quantitative measure of 
edge plane exposure. N-graphene was found to have a ID/IG ratio of 1.12, obviously larger 
than 0.87 observed for graphene. The larger ID/IG ratio for N-graphene is a result of the 
structural defects and edge plane exposure caused by heterogeneous nitrogen atom 
incorporation into the graphene layers. The result is also consistent with our previous 
study about carbon nanotube and N-doped carbon nanotubes [32]. 
 
Figure 4-3 XRD patterns of graphene and N-graphene samples. 
Fig. 4-3 shows the XRD patterns for graphene and N-graphene. The pronounced (002) 
peaks at about 29.0 degree were seen for both samples, which is also assigned to the 
layer-to-layer distance (d-spacing: d = λ / 2 sinθ). The average stacking number of a 
graphene layer was calculated [33] by using the d-spacing and size of the crystallite, 
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which was evaluated from the width of the diffraction peak using the Scherrer equation (τ 
= K λ / β cosθ, where K is the shape factor, λ is the X-ray wavelength, β is the line 
broadening at half the maximum intensity (FWHM) in radians, and θ is the Bragg angle; 
τ is the mean size of the crystalline domains). The detailed X-ray crystalline parameters 
are shown in Table 4-2. From these data, it can be seen that the interlayer spacing of 
graphene and N-graphene are larger than that of graphite (3.35 Å); and the size of 
crystallite for N-graphene has slightly decreased compared with graphene, maybe due to 
ammonia corrosion and defects resulted from nitrogen doping. However, ammonia 
treatment process can not affect the layers of graphene.  
Table 4-4 X-ray structural parameters of graphene and N-graphene from plane 
(002). 
 
Sample θ, Plane (002) Value of d (Å) Value of τ (Å) No. of layers 
Graphene 29.2 3.55 0.832 3.3 
N-graphene 29.9 3.46 0.799 3.3 
 
Furthermore, FT-IR spectra were used to investigate the bonding difference between 
graphene and N-graphene. From Fig. 4-4,  it can be seen that although graphite oxide was 
reduced by rapid heating, the FT-IR spectrum of graphene still shows some characteristic 
bands of surface oxidized groups, at 3450 cm
-1
 (O-H stretching vibrations), at 1384 cm
-1
 
(C-O-H stretching vibrations), and at 1100 cm
-1
 (C-O stretching vibrations) [34]. The 
peak located at 1635 cm
-1
 could be ascribed to the skeletal vibration of graphitic domains. 
For N-graphene, in addition to the above-mentioned peaks, C-N stretching vibrations 
were observed at 1257 and 1326 cm
-1
 and N-H bend vibration at 1550 cm
-1 
was also 
obtained. Due to the overlap of peaks for C=C and C=N, and the relative low ratio of 
nitrogen to carbon atoms, it is difficult to prove the existence of C=N by FT-IR.  
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Figure 4-4 Infrared spectra of graphene and N-graphene samples. 
XPS, a powerful tool to identify the elements’ states in bulk material, was thus used to 
prove the existence of C=N and other existing forms of nitrogen. XPS characterization 
(Fig. 4-5) indicated that about 2.8 at.% nitrogen was introduced to the graphene sheet by 
ammonia treatment under 900 
o
C. Based on the detailed analysis of N1s (insert, Fig. 4-5), 
the different proportion of pyridine-like N (398.1 eV), pyrrole-like N (399.9 eV), and 
quaternary N (401.3 eV) were observed. In addition, it was found that ammonia 
annealing temperature has the effect on N doping content and the existence forms of 
nitrogen. The N content is 2.8 and 2.0 at.% for N-graphene under 800 and 1000 
o
C 
annealing temperature, respectively. N-graphene under treatment temperature of 900 
o
C 
has the highest content of quaternary N, which is considered as the real doping [35]. 
Thus, it is clear that nitrogen was doped into the graphene structure.  
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Figure 4-5 XPS spectra of graphene and N-graphene samples. The inset: the high 
resolution N1s spectra of N-graphene sample: The pink and black lines are the raw 
and fitted spectra. The red, green, and blue lines correspond to pyridine-like N 
(398.1 eV), pyrrole-like N (399.9 eV), and quaternary N (401.3 eV), respectively. 
XANES measurements were carried out to investigate the nitrogen doping effect in 
detail. C K-edge XANES spectra of graphene and N doped graphene are compared in 
Fig. 4-6(a). XANES spectroscopy is element specific and it concerns with the 
measurement and interpretation of the absorption coefficient above an absorption edge of 
an element in a chemical environment. At the C and N K-edge, the area under the 
resonance in the vicinity of the threshold in XANES (also called white line) is 
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proportional to the unoccupied density of state (DOS) when tunable X-rays are used to 
excite the 1s electron into previously unoccupied electronic states of p character (dipole 
selection rules). In graphite, the C K- edge will clearly exhibit a * (~ 285 eV) and a * 
(~ 291 eV) resonance [36]. In high purity graphene, similar resonance patterns have been 
observed together with a well-defined peak at ~283.6 eV [37]. The region between the * 
and * resonance is usually flat or monotonic if the samples are without impurity. For 
surface functionalized graphite, graphene, carbon nanotubes, resonance structures 
characteristic of oxygen or nitrogen functionalized surface groups will appear.  For better 
comparison, the C K-edge spectra of graphene and N-graphene are normalized to the 
edge jump (where the absorption coefficient reaches at a flat region above the edge) of 
unity. At a first glance of Fig. 4-6(a), both spectra show two main features, the π* 
transition at around 285.5 eV and the σ* transition at around 291.7 eV, which is the 
signature of the graphitic structure. It should be noted that the relative intensity of the π* 
vs. σ* transition depends on the relative orientation of the graphitic plane with respect to 
the polarization of the incident photon, which is linearly polarized in the plane of the 
electron orbit of the synchrotron. At normal incidence, the σ* dominates and at grazing 
incidence, the π* dominates. In the present case, the angle of incidence was at 450, and 
the sample is not perfectly flat, both resonances are noticeable. In-between these two 
main features, a weak peak at 288.3 eV can also be detected in the undoped graphene, the 
intensity of which decreased obviously after N doping. This feature has been previously 
characterized as the resonance from the π* of the C=O bond of the carboxylic COOH 
group [38]. It is worth reiterating that no spectral feature in the region between the π* and 
σ* can be observed for high purity graphite, carbon nanotube and graphene with little 
defects. Another pre-edge feature centered at around 283.6 eV can also be detected in 
both cases. This feature is due to the surface defects, for example, dangling bonds [39] 
and amorphous carbon. The intensity for this pre-edge feature increased with N doping. 
Therefore, with N doping, more defect sites have been created in the graphene. Even 
though, those features from N related functional groups in between 287-288 eV cannot be 
easily discerned, the intensity for both π* transition and σ* transition increased a little 
after N doping. This is a powerful evidence that after the N doping the unoccupied DOS 
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increased by the charge transfer from carbon to the more electronegative nitrogen, which 
is beneficial for the electric conductivity of the material. 
 
Figure 4-6 (a) and (b) TEY of the C K-edge and N K-edge XANES spectra of 
graphene and N-doped graphene, (c) FLY of the XANES spectra of the N-doped 
graphene, and (d) TEY of the O K-edge XANES spectra of graphene and N-doped 
graphene. 
The existence of N in the N-graphene can be confirmed by the corresponding TEY of the 
N K-edge XANES spectra as shown in Fig. 4-6(b). Three main peaks can be detected as 
centered at 397.9 eV, 400.7 eV and 406.3 eV. The first two features arise from transitions 
from the K shell (N 1s) to unoccupied π* orbital containing N character and the last is 
due to the transition into σ* orbital [40]. They are undoubtedly a direct support of 
successful doping into the graphene matrix, forming unsaturated C-N bonds. The π* 
resonance at 397.9 eV is attributable to the pyridine-like bonding in nitrogenated carbon 
materials, and the other broad peak from 399.3 to 401.7 eV may come from pyrrole- and 
graphite-like bonding. No signal from the N K-edge can be found through the bulk 
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sensitive FLY, as shown in Fig. 4-6(c), therefore, the doping predominately occurred in 
the surface of graphene specimen under investigation. 
The effect of N doping on the content of oxygen-containing groups in graphene can be 
confirmed by the comparison of O K-edge as shown in Fig. 4-6(d). Several features 
corresponding to different oxygen-containing groups are visible from the graphene (the 
black line). The peak at 530.6 eV is from the π* state of C=O, the one at 533.3 eV is 
related from to the π* state of C(sp2)-O, and that at 536.3 eV belongs to the σ* state of 
the C-O [41]. After N doping, the peak intensity diminishes and the presence of those 
oxygen-containing groups once exist on the surface of un-doped graphene is no longer 
evident. 
4.4 Conclusions  
Nitrogen doped graphene has been prepared by the heat-treatment of graphene using 
ammonia. XPS results indicated that about 2.8 at.% nitrogen was introduced into the 
graphene layer. The effects of N-doping on graphene have been systematically 
investigated by a number of techniques for microstructure and bonding studies. The 
results show that after nitrogen doping, the graphene basically maintains the initial 
morphology based on the SEM and TEM images. Most importantly, XANES confirms 
the incorporation of N into the graphene lattice. Several observations must be noted. 
First, these results show that there are several nitrogen species such as pyridine-like, 
pyrrole-like, pyridine-like, and quaternary N contents on the N-graphene. Second, after N 
doping, XANES results reveal that the unoccupied DOS increases, suggesting charge 
transfer from carbon to the more electronegative nitrogen, which is beneficial for the 
electric conductivity of the material. Finally, the N-doping decreases the surface oxygen-
containing groups, which may provide a new way to control the surface oxygen contents, 
and improve the corrosion resistance of graphene. In addition, BET analysis reveals that 
N-graphene has the increased specific surface area compared with graphene, indicating 
that more defects exist on the surface, which is supported by the observation of decreased 
size and higher ID/IG ratio after doping from XRD and Raman results, respectively. The 
resulting surface defects due to nitrogen doping is expected to enhance Li
+
 storage for Li 
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ion battery applications and the anchoring of Pt nanoparticles on N-graphene for fuel cell 
electrocatalyst applications. 
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Supporting information 
 
 
 
Figure 4-7 (a) Typical TEM image of S-graphene; (b) XPS survey scan spectra of S-
graphene; (c) Deconvoluted XPS spectrum of the S-2p-orbital for S-graphene.  
The sulphur content is about 1.9 at.% using the equation: S / (S+C). Based on the detailed 
analysis of S2p (Fig. 4-7c), it exhibits a higher complexity. A clear assignation is 
difficult, especially being based on these data obtained by deconvolution. The S 2p core 
level line exhibits two resolved components at 163.6 and 165.0 eV that correspond to 
spin-orbit splitting and the features at 165.2 and 166.3 eV which are due to shake-up 
processes. 
(a) 
(b) (c) 
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Energy shortages and environmental pollution are serious challenges that humanity will 
face for the long-term. Proton Exchange Membrane Fuel cells (PEMFCs) are non-
polluting and efficient energy conversion devices that are expected to play a dominant 
role in future energy solutions. However, the current PEMFCs system still faces 
significant technological roadblocks which have to be overcome before the system can 
become economically viable. A major impediment to the commercialization of PEMFC is 
the high cost and stability of Pt-based electrocatalysts. Thus, one of the important 
challenges is the development of platinum-free catalysts.  
Nitrogen doped carbon materials as the metal-free catalysts have recently been found to 
exhibit high catalytic activity for oxygen reduction reaction in fuel cell (see our previous 
study about CNx (chapter 3)). And in chapter 4, we investigated the effect of nitrogen 
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doping on the structure of carbon by taking graphene as an example. In this chapter, we 
will extend the study to investigate the N-graphene as non-noble metal ORR catalyst.  So 
this article reports the synthesis of nitrogen-doped graphene as a metal-free catalyst for 
oxygen reduction by heat-treatment of graphene using ammonia. The ORR activity of N-
graphene is strongly dependent on the heat treatment temperature. Moreover, our 
electrochemical measurements showed that the optimum catalysts promote the desired 
4e
-
 ORR in alkaline solution. In comparison to the commercial Pt/C catalyst, the catalyst 
presented higher ORR onset potential (0.308 V), 43 mV more positive ORR half-wave 
potential. Also, it demonstrated better stability than Pt/C (loading: 4.85 µgPt cm
-2
) in the 
studied conditions. Therefore, N-doped graphene may have the potential to replace the 
costly Pt/C catalyst in fuel cells in an alkaline solution. 
 
Keywords: Nitrogen-doped graphene, electrocatalyst, Oxygen reduction reaction, Fuel 
cell  
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5.1 Introduction 
Both fuel cells, for power generation, and metal-air batteries, for energy storage, require 
an efficient electrode for oxygen reduction reaction (ORR). Such electrodes are usually 
carbon-supported platinum electrodes that are used to catalyze four-electron oxygen 
reduction to water. However, the kinetics of ORR is sluggish, even on pure Pt. Also, Pt 
particles dissolve and agglomerate over time, which diminishes the performance of fuel 
cell. Combined with the performance durability problems, the high cost of Pt, due to its 
low abundance in nature, hinders the commercial viability of fuel cells. The search for 
cheap, stable and more active electrocatalysts for ORR is thus of great importance.    
Along with recent intense research efforts in reducing or replacing Pt-based catalysts in 
fuel cells [1-4], it has been found that nitrogen-doped carbon materials (especially, 
vertically aligned nitrogen-containing carbon nanotubes, nitrogen doped ordered 
mesoporous graphitic carbon, and silk-derived carbon (0.8% nitrogen in the carbon 
network)) could act as effective metal-free electrocatalysts [5-11]. Although the real 
active site of nitrogen-doped carbon materials remains unclear, in general, it has been 
believed that the doped nitrogen atoms (such as graphite-like, pyridine-like, pyrrole-like, 
and quaternary nitrogen atoms) play a crucial role for ORR [11-13]. Graphene, on the 
other hand, a new and 2-dimensional carbon material, has recently attracted great 
interests for both fundamental science and applied research [14-18]. It has not only high 
surface area, and excellent conductivity, but also unique graphitic basal plane structure 
that should guarantee its durability. It is well known that the greater the extent of 
graphitization of the carbon material, the greater the durability it has [19]. The unique 
properties of nitrogen-doped carbon materials and graphene promoted us to investigate 
the ORR activity of nitrogen-doped graphene. Although nitrogen-doped graphene has 
been shown very recently to have high electrocatalytic activity and long-term operation 
stability for the ORR [20], the exact extent of the electrocatalytic activity of this material 
remains unknown, perhaps due to the limitation of the chemical vapour deposition (CVD) 
preparation method used. The CVD method only made a graphene film on a surface of 
Ni-coated SiO2/Si wafer. It is very difficult to scale up, which will inevitably limit the 
wide use as practical electrodes of N-graphene. And it appears impossible to fabricate 
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membrane electrode assembly (MEA) for fuel cells based on the method. In this work, 
we prepare nitrogen-doped graphene at a large scale, and provide a detailed comparison 
to commercial Pt/C (E-TEK) as catalysts for ORR.     
5.2 Experimental 
Natural flake graphite (Aldrich, +100 mesh) was used as the starting material. Graphene 
was first prepared by the oxidation of the natural flake graphite using the Staudemaier 
method followed by the heat-treatment at 1050 
o
C for 30 s [21]. The nitrogen-doped 
graphene was obtained by heating under high purity ammonia mixed with Ar at 800 
o
C 
(N-graphene (800)), 900 
o
C (N-graphene (900)), 1000 
o
C (N-graphene (1000)) [22]. 
The ORR activity of nitrogen-doped graphenes was evaluated in 0.1 M KOH solution 
with a rotating ring-disk electrode equipment (RRDE). Platinum wire and Hg/HgO (20% 
KOH) electrode were used as the counter and the reference electrode, respectively. The 
potentials presented in this study are referred to standard hydrogen electrode (SHE). The 
potential is 0.098 V versus SHE with respect to the electrodes Hg/HgO. The working 
electrode was prepared by the thin-film electrode method. Briefly, 5 mg of N-graphene 
was dispersed in the solution (1080 μL ethanol and 180 μL of 5 wt % Nafion) and 
ultrasonically blended for 30 min. 10 μL of this suspension (loading: 160 µg cm-2) was 
dropped on the disk electrode. Cyclic voltammograms (CVs) were recorded by scanning 
the disk potential from 0.4 to -1.0 V vs. SHE at a scan rate of 5 mV s
-1
. And the ring 
potential was maintained at 0.7 V vs. SHE in order to oxidize any hydrogen peroxide 
produced. First, CVs were recorded at 5 mV s
-1
 using nitrogen atmosphere to obtain the 
background capacitive currents. Next, the CVs were recorded using the oxygen-saturated 
electrolyte. The electrolyte solution was purged with oxygen for 30 min before 
commencing oxygen reduction on the disk electrode. 
5.3 Results and discussion 
Fig. 5-1 shows the linear-sweep voltammograms in O2-saturated 0.1 M KOH of graphene 
and graphene treated by ammonia at various temperatures. N-graphene (900) was shown 
to have a considerably higher activity toward ORR than the other materials. It has high  
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Figure 5-1 The linear-sweep voltammograms of graphene and N-graphene under 
different temperatures. Electrolyte: O2-saturated 0.1 M KOH, scan rate: 5 mV s
-1
, 
and rotation speed: 1600 rpm. 
onset potential for ORR (EORR), and a well-defined limiting current plateau. The values of 
onset potential for ORR (EORR) for graphene, N-graphene (800), N-graphene (900), N-
graphene (1000) were 0.046, 0.184, 0.308, and 0.204 V, respectively. Obviously, the 
ORR activity of N-graphene is strongly dependent on the heat treatment temperature and 
the optimum temperature appears to be 900 
o
C. Although the catalyst roughness effect 
cannot be completely excluded, we don’t think that it is the major effect on the ORR 
activity.  This conclusion has been obtained in our recent work [23]. By comparing the 
onset potential of glassy carbon and graphene, it has been revealed that they have similar 
activity although graphene has the higher roughness factor than the polished glassy 
carbon electrode. Generally, it has been believed that the nitrogen content and N species 
proportion in the carbon materials play a key role for the improved activity [6, 9].
 
It is 
thus interesting to investigate the difference in nitrogen content and N species proportion  
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Figure 5-2 The typical SEM (a) and TEM (b) images for N-graphene (900). (c) The 
Raman spectrum of graphene and N-graphene (900). (d) The XPS survey for three 
samples; (e) the high-resolution N1s spectrum for N-graphene: the black and purple 
lines are the raw and fitted spectra; the red, green, and blue lines correspond to 
pyridine-like N (398.1 eV), pyrrole-like N (399.9 eV), and quaternary N (401.3 eV), 
respectively. 
(a) (b) 
(c) (d) 
(e) 
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of these ammonia-treated graphenes as a function of heat-treatment temperature. Fig. 5-
2a, b show the typical SEM, TEM images of N-graphene. It can be seen that the material 
is transparent with a voile-like structure. Meanwhile, from the Raman spectrum shown 
here (Fig.5-2c), it can be known that the D band, observed at approximately 1310 cm
-1
, is 
disorder induced. It is attributed to structural defects on the graphitic plane. The G band, 
observed at approximately 1583 cm
-1
, is commonly observed for all graphitic structures 
and attributed to the E2g vibrational mode present in the sp
2
 bonded graphitic carbons. 
The intensity ratio of the first peak to the second peak, namely the ID/IG ratio, provides 
the indication of the amount of structural defects and a quantitative measure of edge 
plane exposure. N-graphene was found to have the higher ID/IG ratio of 2.25, obviously 
larger than 1.97 observed for graphene. The larger ID/IG ratio observed for N-graphene is 
a result of the structural defects and edge plane exposure caused by heterogeneous 
nitrogen atom incorporation into the graphene layers. Furthermore, XPS characterization 
(Fig. 5-2d) indicated that about 2.8, 2.8, and 2.0% nitrogen were introduced to the 
graphene sheet for N-graphene (800), N-graphene (900), and N-graphene (1000), 
respectively. Based on the detailed analysis of N1s (Fig. 5-2e and Table 5-1), no obvious 
dependence of ORR activity on the content of pyridine-like and pyrrole-like N species 
was observed. But this investigation showed that quaternary nitrogen atoms seem to be 
the most important species for the ORR due to the matching relationship between activity 
and quaternary N contents [7, 24]. Thus any specific N species which resulted in the 
enhanced activity should not be selectively eliminated.  
Table 5-5 Distribution of N species obtained from the de-convolution of the N1s 
peaks by XPS. 
Sample 
N content 
(at.%) 
Pyridine-like  
(398.1 eV, at.%) 
Pyrrole-like  
(399.9 eV, at.%) 
Quaternary  
(401.3 eV, at.%) 
N-graphene 
(800) 
2.8 1.5455 0.9352 0.3192 
N-graphene 
(900) 
2.8 1.5596 0.8484 0.3892 
N-graphene 
(1000) 
2.0 1.022 0.662 0.316 
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The electrochemical reduction of O2 is a multi-electron reaction that has two main 
possible pathways: one is the transfer of two electrons to produce H2O2, and the other is a 
direct four-electron pathway to produce water. To obtain maximum energy capacity, it is 
highly desirable to reduce O2 via the 4e
-
 pathway. Although the usual reaction that occurs 
on carbon electrodes is far less than the four-electron reaction, there have been reports 
that reactions involving more electrons may take place on nitrogen-containing carbon 
electrodes [24-27]. Herein, the selectivity of ORR was analyzed by two methods: RDE to 
obtain the slope of the Koutecky-Levich (K-L) plots, and RRDE to direct measure the 
portion of H2O2 formation via ring/disk current ratio. RRDE current-potential curves for 
N-graphene (900) at various rotating speeds are shown in Fig. 5-3a. Rotating rate-
dependent limited diffusion currents were observed here. Fig. 5-3b shows the Koutecky-
Levich (K-L) plots of 1/Ilim vs. 1/ω
1/2
 at fixed potential (-0.5 V) on N-graphene (900) 
electrode derived from the data in Fig. 5-3a. The number of electrons calculated is 3.6, 
based on the K-L equation:  
Ilim = 0.62nFD
2/3
v
-1/6
Coω
1/2
    (1) 
where Ilim is the limiting current density, n is the number of electrons transferred per 
oxygen molecule, F is the Faraday constant (96485 C mol
-1
), D is the O2 diffusion 
coefficient (1.73 × 10
-5
 cm
2
 s
-1
) in 0.1 M KOH, Co is the concentration of oxygen (1.21 × 
10
-6
 mol cm
-3
) [28]. To further verify the ORR pathways on the N-graphene (900), the 
formation of H2O2 during the ORR process was monitored using RRDE measurement. 
Analyses of the ORR by the reduction currents of the ring and disk (Fig. 5-3c and d) 
showed that the ORR on N-graphene (900) proceeds by a 3.8-electron reaction at -0.5 V 
to give about 10% of hydrogen peroxide according to the two equations [29]:  
n = 4 ID / (ID + (IR / N))      (2) 
%H2O2 = 100 (4 - n) / 2     (3) 
It is consistent with the data obtained from the slope of K-L plots.  The results suggest 
that the ORR catalyzed on N-graphene (900) is a close 4 e
-
 reduction process leading to 
the formation of H2O. 
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Figure 5-3 (a) Measured ORR currents of N-graphene (900) catalyst at different 
electrode rotation speed and (b) Koutecký-Levich plot at -0.5 V using the data 
obtained from (a). (c) and (d): The current density of ring and disk measured by 
RRDE for N-graphene (900). Scan rate: 5 mV s
-1
, electrolyte: 0.1 M KOH. 
Furthermore, the activity of N-graphene (900) for ORR was compared with commercial 
Pt/C electrocatalyst. From Fig. 5-4a, it can be seen that the two electrocatalysts have the 
same onset potentials and limited diffusion currents for oxygen reduction. In addition, 
one can believe that N-graphene (900) has the slightly higher ORR activity than Pt/C 
(loading: 4.85 µgPt cm
-2
) based on its half-wave potential (shifted positively about 43 
mV).    
A durability test of N-graphene (900) was also carried out by cyclic voltammetry in O2-
saturated 0.1 M KOH. Fig. 5-4b shows the CVs at various potential sweeps: 50, 500,  
(b) (a) 
(c) (d) 
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Figure 5-4 (a) The polarization curves of oxygen reduction on N-graphene (900) and 
Pt/C (E-TEK) catalysts. Electrolyte: 0.1 M KOH, scan rate: 5 mV s
-1
, and rotation 
speed: 1600 rpm. (b) Cyclic voltammograms of N-graphene (900) in N2-saturated 0.1 
M KOH (the black line) and O2-saturated 0.1 M KOH after 50, 500, 1000, 2000, 
3000, 4000, and 5000 potential cycles, respectively. Potential Sweep rate: 100 mV s
-1
. 
(c) Dependence of the current density for the ORR at 0.05 V on the potential cycles 
evaluated from the cyclic voltammograms. 
 
1000, 2000, 3000, 4000, and 5000 cycles. The cathodic peaks relate to the reduction of 
oxygen. Almost no change in the voltammetric charge was found after 5000 cycles of the 
potential sweep. In Fig. 5-4c, the dependence of the current density for the ORR on the 
potential cycles is presented based on the data from the insert. Clearly, the ORR current 
density on N-graphene (900) electrode remains stable. In contrast, the ORR current 
(c) 
(b) (a) 
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density on Pt/C electrode, subjected to an identical test (CV data not shown) has a rapid 
decline. N-graphene (900) thus demonstrated better durability than Pt/C under the studied 
conditions. 
5.4 Conclusions 
It is clearly shown here that nitrogen-doped graphene catalysts can be synthesized by the 
treatment of graphene by ammonia under different temperature. The highest ORR activity 
in alkaline solution was obtained with the catalyst treated at 900 
o
C. XPS indicated that 
only 2.8% nitrogen was introduced into the graphene for N-graphene (900). Quaternary 
type nitrogen species seem to play the most important role for ORR activity. Moreover, 
our electrochemical measurements showed that N-graphene (900) catalysts promote the 
desired 4e
-
 ORR in alkaline solution. In comparison to the commercial Pt/C catalyst, N-
graphene (900) catalyst presented higher ORR onset potential (0.308 V), 43 mV more 
positive ORR half-wave potential. Also importantly, it demonstrated better stability than 
Pt/C (loading: 4.85 µgPt cm
-2
) in the studied conditions. Therefore, N-doped graphene 
may have the potential to replace the costly Pt/C catalyst in fuel cells in an alkaline 
solution. 
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In previous chapters, the authors introduced the work of nitrogen doped graphene 
synthesis by post-treatment of graphene using ammonia. N-graphene with the controlled 
nitrogen contents were obtained by treating graphene under the various temperatures. 
Looking for the new methods to synthesize N-graphene is always of concern to material 
scientists. Previous methods usually use two steps, which involves post-treatment of 
graphene. In this chapter, the authors propose the new one-step method for the 
production of N-graphene oxide nanoribbons (NGON) via unzipping of nitrogen doped 
carbon nanotubes (CNx). TEM results show that the simple solution-based oxidative 
process generates a nearly 100% yield of nanoribbon structures by lengthwise cutting 
and unravelling of the nitrogen doped carbon nanotube side walls. In addition, the 
nitrogen content was traced before and after oxidation process by XPS. More 
importantly, there is still 2.1 at.% N existing on NGON. 
Keywords: Nitrogen doped carbon nanotube, nitrogen doped graphene ribbon, unzipping 
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6.1 Introduction 
Graphene, the two-dimensional (2D) monolayer of carbon atoms arranged in a 
honeycomb lattice, has recently attracted great interests for both fundamental and applied 
research due to its unique physical and chemical properties [1]. Importantly, graphene 
nanoribbons with high aspect ratio have shown peculiar edge states: they can be metallic 
if their edges exhibit a zigzag morphology, whereas armchair edges can give rise to either 
semiconducting or metallic transport. Thus it can be noticed that the high aspect ratio of 
nanoribbon will result in novel properties due to the amazing edge states. That is, the 
shape of the edge largely determines the properties of nanoribbons [2, 3].  
In addition, foreign atom doping such as N has been proved as an effective method to 
modify the properties of graphene. Theoretical study has shown that nitrogen doping 
results in the higher positive charge on a carbon atom adjacent to the nitrogen atoms [4], 
and a positive shift of Fermi energy at the apex of the Brillouin zone of graphene [5]. 
Actually, nitrogen doped graphene has exhibited the enhanced oxygen reaction reactivity 
as non-noble metal electrocatalysts [6, 7] and superior electrochemical performance as 
anodes for lithium ion batteries than graphene [8-10]. Studies relating to N-graphene 
synthesis have been limited to use graphene and nitrogen precursor or other carbon and 
nitrogen precursors [11-14]. Typically, Rao et al. prepared nitrogen doped graphene by 
carrying out the arc discharge in the presence of H2+pyridine or H2+ammonia. The XPS 
results indicated that only 0.6 and 1% nitrogen were doped into graphene [11]. Liu et al. 
reported that the atomic percentage of N in the sample is about 8.9 at% by chemical 
vapour deposition (CVD) method [12]. However, CVD can only grow N-graphene thin 
films on a substrate and thereby suffers from difficulties in scaling up. Recently, Deng et 
al. developed a novel method for one-pot direct synthesis of N-doped graphene via the 
reaction of tetrachloromethane with lithium nitride under mild conditions, and the 
nitrogen content can vary in the range of 4.5-16.4% [14]. But the operation process is 
cumbersome because water-sensitive lithium nitride must be treated at glove box. Also 
there is potential danger for the reaction proceeded under higher pressure in autoclave. 
Therefore a simple, efficient and low-cost process still needs to be developed.  
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Based on the adjustable properties of graphene nanoribbon mentioned above, one is 
wondering how about nitrogen doped graphene nanoribbons. To date, MWCNTs and 
single-wall carbon nanotubes (SWCNTs) have been unzipped to nanoribbons by wet 
chemical methods [15], lithium and ammonia [16], or potassium reaction [17], and the 
high direct pulse current sintering process [18]. However, to the best of our knowledge, 
up to now, nitrogen doped graphene oxide nanoribbons (NGON) have never been 
reported in the literature. Here we describe a simple one-step approach to prepare 
nitrogen doped graphene oxide nanoribbons by unzipping the nitrogen doped carbon 
nanotubes directly for the first time. 
6.2 Experimental 
Commercial carbon nanotubes from Aldrich Company were used as the precursor to form 
graphene oxide nanoribbon (GON). CNx (5.1% at. N) (home-made) was selected as the 
precursor to produce NGON. They were first prepared by the oxidation of precursors 
using the modified Hummers’ method [19, 20]. Typically, precursor (50 mg) and sodium 
nitrate (37.5 mg) were first stirred in concentrated sulphuric acid (3 mL) while being 
cooled in an ice water bath. Then potassium permanganate (225 mg) was gradually added 
to form a new mixture. After two hours in an ice water bath, the mixture was allowed to 
stand for one day at room temperature with gentle stirring. Thereafter, 30 mL of 5 wt% 
H2SO4 aqueous solution was added into the above mixture over 1h with stirring. Then, 1 
mL of H2O2 (30 wt% aqueous solution) was also added to the above liquid and the 
mixture was stirred for 2h. After that, the suspension was filtered and washed until the 
pH value of the filtrate was neutral. The as-received slurry is then sonicated to get the so-
called GON and NGON. 
6.3 Results and discussion 
The commercial MWCNTs as the control sample were unzipped to GON. Figure 6-1(a) 
shows the SEM picture of the initial carbon nanotubes, it can be seen that the carbon 
nanotubes have a length of several micrometers and tubular structure with diameter of 
100 to 120 nm. After oxidation using modified Hummers’ method, their tubular is change  
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Figure 6-1 (a) The SEM image of the pristine carbon nanotubes (b, c) the TEM 
pictures of graphene oxide nanoribbons; (d) the TEM of home-made CNx, and (e, f) 
the TEM images of nitrogen doped graphene oxide nanoribbons. 
to nanosheets. Figure 6-1(b, c) shows TEM images of unzipped carbon nanotubes by 
oxidation process. Obviously, the graphene oxide nanoribbons strips are obtained. The 
typical width of the strips lies in the 300-600 nm range, while the length of the strips is 
about several micrometers. The simple solution-based oxidative process generates a 
nearly 100% yield of nanoribbon structures by lengthwise cutting and unravelling of the 
carbon nanotube side walls [21].  
Based on the case from carbon nanotubes to graphene oxide nanoribbon, one can expect 
to obtain N-graphene from CNx with different N content. Therefore N-graphene with the 
controlled nitrogen content can be also prepared. In the current work, CNx (5.1% N) was 
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selected as the precursor [22]. Fig. 6-1(d) shows the typical TEM picture for the sample. 
The diameter of the CNx is about 120 nm. It has a length of several micrometers and 
bamboo-like or corrugated structure. The TEM images in Figure 6-1(e, f) show clearly 
that the bamboo-like or corrugated structure has been destroyed by the strong oxidation 
process. Some long and thin N-graphene nanosheets have been produced with a diameter 
comprised between 40 and 50 nm. Such nanosheets show in general a tendency to stack 
together into overlapped layers although in some area of the TEM image (Fig. 6-1(f)) 
appear also as single sheets. Furthermore, some details were obtained from high 
resolution TEM (HRTEM) images. The pristine CNx has about 20 graphite layers for the 
wall. After oxidation process, the resulting graphene nanosheets are between 4 and 9 
layers. The facts provide visual evidence that the oxidative attack was effective in 
changing CNx into nitrogen doped graphene nanoribbon. Importantly, it can be noticed 
that nitrogen doped graphene nanoribbon from CNx has the tendency to agglomeration, 
but graphene nanoribbon does not. And it appears that nitrogen doped graphene 
nanoribbon is thicker than graphene nanoribbon. The main reason perhaps is the 
existence of more defects on the surface of CNx due to the doping. From Fig. 6-2a, it can  
 
Figure 6-2 The HRTEM images of (a) the pristine CNx and (b) nitrogen doped 
graphene oxide nanoribbons. 
93 
 
be seen that the surface morphology and atomic arrangement of the CNx are rough and 
disordered. The disruptions and irregular curvatures in graphene stacking in CNx are due 
to the propensity of incorporated nitrogen to form pentagonal and hexagonal defects in 
the graphene layers. The introduction of such defects disrupts the planar hexagonal 
arrangement of carbon atoms in carbon nanotubes and results in the rough surface of 
CNx. However, the regular carbon nanotubes have the flat surface morphology and 
ordered atomic arrangement [23]. These differences resulted in that CNx cannot be 
unzipped well like carbon nanotubes.  
Furthermore, Fig. 6-3 shows the Raman spectra of MWCNTs and CNx. As we know the 
D band, observed at approximately 1310 cm
-1
, is disorder induced. It is attributed to 
structural defects on the graphitic plane. The G band, observed at approximately 1583 
cm
-1
, is commonly observed for all graphitic structures and attributed to the E2g 
vibrational mode present in the sp
2
 bonded graphitic carbons. The intensity ratio of the 
first peak to the second peak, namely the ID/IG ratio, provides the indication of the 
amount of structural defects and a quantitative measure of edge plane exposure. CNx was 
found to have the higher ID/IG ratio of 0.69, obviously larger than 0.12 observed for 
MWCNTs [24]. So CNx has the much more defects than MWCNTs.   
 
Figure 6-3 The Raman spectra of MWCNTs and CNx. 
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Figure 6-4 (a) XPS spectra of CNx and NGON. (b) the high resolution N1s spectra of 
CNx and NGON 
What one concerns about most is the change of nitrogen content before and after 
oxidation process for CNx. There is still nitrogen staying on the surface of nitrogen doped 
graphene nanoribbon from Fig. 6-4a. The content was changed to 2.1 at.% N from 5.1 
at.% N. Fig. 6-4b showed the N1s details: there are four kinds of nitrogen existing on the 
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surface of initial CNx, which are pyridine-like N (398.5 eV), graphite-like N (401.0 eV), 
molecular N (403.5 eV), and chemisorbed N oxide (405.1 eV), respectively. However, 
only graphite-like N (401.3 eV) and pyrrole-like N (399.3) were found in nitrogen doped 
graphene nanoribbon. Evidently, the strong oxidation process removed molecular N and 
chemisorbed N oxide. But why the pyrrole-like N existed in the production instead of 
pyridine-like N? It should also be reasonable, the strong oxidation process may break 
some C-C or C-N bonds of hexacyclic pyridine structure existed in initial CNx, 
simultaneously some carbon atoms were oxidized and removed, thus the rest of atoms 
located on hexacyclic pyridine structure reorganized and formed pentacyclic pyrrole 
structure.  
6.4 Conclusions 
A simple solution-based oxidative process to produce N-graphene oxide nanoribbons has 
been demonstrated. The structure properties of nitrogen doped graphene oxide 
nanoribbons have been confirmed by TEM, the exfoliated NGON may exist as the planar 
structure with monolayer. But basically NGON have the 4-9 layers according to HRTEM 
results, and it has the tendency to agglomeration, which is different from graphene 
nanoribbon from MWCNTs. Importantly, there is still nitrogen staying on the surface of 
nitrogen doped graphene nanoribbon. The content was changed to 2.1 at.% N from 5.1 
at.% N. XPS results indicated that pyrrole-like and graphite-like N are the main species in 
the production. The study opens a new door to synthesize nitrogen doped graphene, also 
the use of a low cost precursor and the solution-based procedure renders this method an 
attractive procedure to prepare NGON. Additional work is also needed to better 
understand the nature of the exfoliation process of CNx. Such studies could allow better 
control of the procedure whereby perfect nitrogen doped graphene flakes could be 
obtained by unwrapping CNx nanotubes.  
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In previous chapters (Chapter 4 and 5), we have demonstrated that nitrogen doping 
significantly affects the structure of graphene and in turn the chemical properties. Our 
experimental results also proved that nitrogen doped graphene (NG) has higher 
electrocatalytic activity for the reduction of oxygen when it is considered as non-noble 
metal ORR catalyst. However, NG not only can act as the non-noble metal ORR catalyst, 
but also it could be the better support of Pt nanoparticles for fuel cell electrode 
materials. Our previous results have indicated that Pt nanoparticles can be more 
uniformly deposited on nitrogen-doped carbon nanotubes (CNx) than on pristine carbon 
nanotubes, and it has been shown that nitrogen-doped carbon materials used as Pt 
supports have an enhanced catalytic activity and durability toward ORR. In this chapter, 
we will expand the study of NG to investigate another side (support of Pt nanoparticles).  
Previous synthesis methods for NG are complex and operated at higher temperatures. 
They use different precursors as the carbon and nitrogen sources, resulting in 
uncontrollable N-doping (a mixture of pyridine-like, pyrrole-like, quaternary-like, and 
nitrogen oxides) and, therefore, strongly restricting the quality of NG. In this chapter, we 
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report a novel solvothermal method for large-scale preparation of NG by using 
pentachloropyridine as both the carbon source and the nitrogen source. The method 
features a lower synthesis temperature than previously reported. By the method, for the 
first time, nanoflower-like NG was obtained with pure sp
2
 hybridized carbon and we 
realized the controllable synthesis of designed nitrogen types. More importantly, the 
synthesized materials exhibit much higher durability as Pt support for fuel cells than 
commercial carbon powder.   
This work is especially important for future research and development of carbon 
materials for fuel cells because the synthesis concept we proposed should pave new ways 
for design of the doped graphene materials with the controllable doping.  
 
Keywords: nitrogen-doped graphene, solvothermal, fuel cell. 
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7.1 Introduction 
Graphene, the two-dimensional monolayer of carbon atoms arranged in a honeycomb 
lattice, has recently attracted great interests for both fundamental and applied research 
due to its unique physical and chemical properties [1]. Especially nitrogen doping affects 
the structure of graphene and in turn the chemical properties [2, 3]. Designing and 
developing new methods to synthesize nitrogen doped graphene (NG) is critical for 
tuning its properties. However, currently there are only limited studies on preparation of 
NG. So far, chemical vapor deposition [4, 5], arc-discharge [6, 7], and posttreatment 
methods [2, 8] have been proposed for synthesis of NG. Whereas, these methods are 
complex and operated at higher temperatures (800-1100 °C). Recently, solvothermal 
synthesis [9] and detonation processes [10] were developed to prepare NG, but these 
reactions usually proceed at temperatures >300 °C, which are too high for hydrothermal 
reactions and therefore risky. On the other hand, all of these documented methods use 
different precursors as the carbon and nitrogen sources, resulting in uncontrollable N-
doping components (a mixture of pyridine-like, pyrrole-like, quaternary-like, and 
nitrogen oxides) strongly restricting the quality of the resulting NG. Herein, we report a 
novel solvothermal method for large-scale preparation of NG that uses 
pentachloropyridine as both the carbon source and the nitrogen source. The 
pentachloropyridine is reacted with potassium. The method features a lower synthesis 
temperature (~160 °C) than previously reported. Further, controllable N-doping in 
graphene can be realized. 
Polymer electrolyte membrane (PEM) fuel cells can be high-efficiency and 
environmentally friendly power sources. One of the most challenging problems facing 
PEMFCs is the development of cost-effective, highly active, and durable electrocatalysts 
and their support instead of Pt nanoparticles supported on porous carbon (Pt/C). Recently, 
much effort has been devoted to the durability issues of support materials [11-16], 
demonstrating that the extent of graphitization of the carbon plays an important role in 
carbon support stability; more graphitic carbons are more thermally and 
electrochemically stable [11-14]. Graphene is really a highly graphitized carbon support 
with a unique graphitized basal plane [1]. Shao et al. reported that graphene is a 
102 
 
promising and durable electrocatalyst support for oxygen reduction in fuel cells [17]. 
However, there are fewer active sites for highly graphitized carbon support, which makes 
Pt deposition difficult. One solution to the problem is to dope nitrogen atoms to the 
carbon frameworks. Our previous results have indicated that Pt nanoparticles can be more 
uniformly deposited on nitrogen-doped carbon nanotubes (CNx) than on pristine carbon 
nanotubes, due to the higher wettability, additional surface structural defects and active 
surface created by nitrogen doping [18]. Furthermore, it has been shown that nitrogen-
doped carbon materials used as Pt supports have an enhanced catalytic activity and 
durability toward the oxygen reduction reaction [18-23]. Based on these features, it is of 
significant interest for us to focus on the electrochemical performance of Pt nanoparticles 
supported on nitrogen-doped graphene, a subject that has yet to be studied in detail. 
Therefore, in the present work, the durability of synthesized NG as a Pt support for PEM 
fuel cells was examined and compared with commercial Pt/C (E-TEK) and homemade 
Pt/C (Vulcan XC-72).  
7.2 Experimental 
7.2.1 Sample preparation and characterization 
A solvothermal route was employed in the synthesis as described below. Typically, 200 
mg of pentachloropyridine was placed in a 25 ml Teflon-lined autoclave. Then 
appropriate amount of metallic potassium was cut into flakes and rapidly added to the 
autoclave in the glove box. The autoclave was sealed and heated to the desired 
temperature, where it was maintained for 10 h before it was cooled to room temperature 
naturally. The products, dark precipitates, were filtered out and washed with acetone, 
absolute ethanol and water in sequence, and were then dried in a vacuum at 80 
o
C for 4 h.   
The morphologies of the samples were characterized by Hitachi S-4800 field-emission 
SEM operated at 5.0 kV, high resolution TEM (HRTEM, JEOL 2010 FEG microscope) 
operated at 200 kV. Also the detailed structures have been also characterized by Raman 
spectra (HORIBA Scientific LabRAM HR Raman spectrometer system equipped with a 
532.4 nm laser.). The nitrogen contents on the surface of all catalysts were also 
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determined by Kratos Axis Ultra Al (alpha) X-ray photoelectron spectroscopy (XPS) 
operated at 14 kV. 
7.2.2 Electrochemical test 
Autolab potentiostat/galvanostat (model PGSTAT-30 Ecochemie Brinkman Instruments) 
and a three-compartment cell were employed for the electrochemical measurements. The 
electrochemical experiments were studied using thin catalyst layers formed onto rotating 
ring disk electrode (RRDE). Briefly, a rotating ring disk electrode from Pine Instruments 
employing a glassy carbon (GC) disk (d = 5mm) and Au ring (6.5mm i.d., 7.5mm o.d.) 
was used as the working electrode. Platinum wire and Hg/Hg2SO4 electrode were used as 
the counter and the reference electrode, respectively. The potentials presented in this 
study are referred with respect to standard hydrogen electrode (SHE). A typical catalytic 
film was produced at the disk electrode according to the following procedure: 10 mg of 
Pt/C (E-TEK), or Pt/C (Home made), or Pt/NG was suspended in the solution (5 mL 
ethanol and 20 μL of 5 wt% Nafion) and ultrasonically blended for 30 min. 20 μL of this 
suspension was dropped on the disk electrode. Accelerated durability tests (ADT) were 
conducted by sweeping electrode between 0.05 ~ 1.2 V for 4000 cycles in N2 saturated 
0.5 M H2SO4. All the experiments were carried out at 25 
o
C. 
7.3 Results and discussion 
Figs. 7-1a and 7-1b show the morphology and structure of the synthesized NG 
characterized with SEM and TEM. As observed in Fig. 7-1a, the product has a flower-
like structure consisting of many loose NG sheets. It can be observed from the TEM 
image in Fig. 7-1b that the graphene forms small particle-like structures 200-300 nm 
in diameter. There are a number of small flakes around the particles, indicated by 
arrows. High-resolution TEM (Fig. 7-1c) further revealed that the petal-like NG 
sheets are approximately 6-10 graphitic layers thick. The selected area electron 
diffraction (SAED) pattern (Fig. 7-1d) was used to identify that it is a polycrystalline 
structure. XPS is a commonly used technique to examine the content and features of 
nitrogen species in carbon materials. Using the current method, approximately 3.0  
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Figure 7-1 (a), (b) SEM and TEM images of the synthesized NG. (c) A high-
resolution TEM micrograph of NG. (d) Electron diffraction pattern of NG. 
 
at.% nitrogen (atomic ratio: N/(N+C)) was obtained in the NG based on the XPS 
analysis. The high-resolution XPS N1S spectrum is shown in Fig. 7-2. As expected, 
only pyridine-like (60.1%) and quaternary (39.9%) nitrogen are formed by the 
designed reaction. Accordingly, it is reasonable to conclude that flower-like NG has 
been synthesized successfully. 
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Figure 7-2 The high-resolution N1s spectrum for NG: the black and cyan lines are 
the raw and fitted spectra; the red and green lines correspond to pyridine-like N 
(398.5 eV) and quaternary N (401.3 eV), respectively. 
Another goal of this work is to evaluate the durability of NG as a Pt support for PEM 
fuel cells. To compare its durability with the commercial Pt/C, homemade Pt/C using 
commercial carbon black (Vulcan XC-72) was used as the control sample. The 
deposition of Pt nanoparticles on NG and Vulcan XC-72 was finished by the 
impregnation-reduction method [24]. Figs. 7-3a and 7-3b depict the TEM images of 
Pt nanoparticles dispersed on NG and Vulcan XC-72. The sizes of the Pt 
nanoparticles range from 3 to 5 nm, similar to the sizes obtained on the commercial 
catalyst. Fig. 7-3c represents the change in the voltammograms during accelerated 
durability testing (ADT) at different cycles for Pt/NG [25-27]. Normalized by the 
initial scan, the degradation of the electrochemical active surface area (ECSA) is 
plotted in Fig. 7-3d. It can be observed that approximately 32% of the initial ECSA 
remained for Pt/C (E-TEK), while 36% and 50% of the initial ECSA remained for 
Pt/C (homemade) and Pt/NG, respectively. This suggests that homemade Pt/C has a  
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Figure 7-3 (a) and (b): TEM images of Pt/NG and Pt/C (homemade). (c) CV curves 
of Pt/NG for the different cycles. Scan rate: 50 mV/s. (d) Normalized ECSA of 
Pt/NG, Pt/C (homemade), and commercial Pt/C. 
comparable durability with the commercial version; in other words, Pt deposition 
using the current method is feasible, and the synthesis-induced difference in the 
electrochemical performances can be excluded. Thus, Pt/C (homemade) should be 
suitable to act as the control sample. Furthermore, it can be calculated that Pt/NG 
retains an ECSA that is 1.5 times higher than that of Pt/C (homemade) after 4000 
cycles. Based on the above discussion, we can conclude that flower-like NG has a 
higher stability than carbon black (Vulcan XC-72), which can be ascribed to the 
following three points:  
(i) The presence of nitrogen 
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Nitrogen doping can enhance the interaction between Pt nanoparticles and the 
delocalized π bond of NG. The existence of the lone electron pair in nitrogen atoms 
can also stabilize Pt nanoparticles. Using density functional theory, Malardier-Jugroot 
et al. have demonstrated that the N-doping of graphene increases the binding energy 
of Pt atoms to the substrate [28]. Our previous experiments also indicated that the 
presence of nitrogen in carbon nanotubes stabilizes Pt catalysts, resulting in better 
long-term performance of the catalysts [18, 23]. 
 
Figure 7-4 Raman spectra of NG and Vulcan XC-72. 
(ii) Higher graphitized structure of NG 
Many studies have shown that the greater the extent of graphitization of the carbon 
material, the greater its durability [11-14]. The polycrystalline structure was 
confirmed by the SAED pattern. To examine the degree of graphitization, Fig. 7-4 
shows the Raman spectra of synthesized NG and the commercial carbon black 
(Vulcan XC-72). Compared with Vulcan XC-72, NG has an obvious 2D band, 
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indicative of the multilayer NG sheets, which is consistent with the HRTEM 
observations. Importantly, NG has a relatively low ID/IG (the peak intensity ratio of 
the D to G band; 0.6 vs 1.0), suggesting that the NG layer retained a higher crystalline 
quality. In the current synthesis, the precursor is pentachloropyridine, which contains 
only sp
2
-hybridized carbon. It is not difficult to conclude that the resulting graphene 
will consequentially contain only sp
2
-hybridized carbon (see figure 7-5). Usually, a 
predominance of sp
2
-hybridized carbon atoms represents a higher level of 
graphitization. Recently, Deng et al. also reported the solvothermal process to 
synthesize NG [9], but they used tetrachloromethane (CCl4), which involves the 
transformation of sp
3
-hybridized carbon in CCl4 to sp
2
-hybridized carbon in the 
synthesis process. Remarkably, it is more difficult to obtain pure sp
2
-hybridized 
carbon in the product than with our technique.  
 
Figure 7-5 Schematic description of NG formation process. 
(iii) The presence of ultra-micropores for NG 
From the XPS analysis, it is known that not all nitrogen atoms form quaternary N 
because there is approximately 60.1% pyridine-like N in the product. As shown in 
Schematic 1, pyridine-like N should result in some ultra-micropores such as type-I or 
type-II or even others, in the synthesized NG [29]. So far, it is not clear whether the 
ultra-micropores are playing an important role in the durability. Further study is 
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necessary. 
7.4 Conclusions 
In summary, we have shown that nitrogen-doped graphene flowers can be synthesized 
through a solvothermal process. The resulting material contains sp
2
-hybridized carbon 
and the designed nitrogen types. This may facilitate new ways to design doped 
graphene materials with the controllable doping. More importantly, the synthesized 
NG used a as support for Pt exhibited higher durability than commercial carbon black 
due to its special character as a promising electrocatalyst support material for PEM 
fuel cells. 
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Supporting information 
 
 
Figure 7-6 (a) SEM and (b) TEM images of Pt/graphene; (c) SEM and (d) TEM 
images of Pt/N-graphene. Graphene and N-graphene samples from Hummers’ 
method (please see Chapter 4), Pt nanoparticles deposition is done based on 
reference 24 in this chapter. 
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Figure 7-7 Cyclic voltammograms of: (a) Pt/C (E-TEK), (b) Pt/graphene, (c) Pt/N-
graphene (2.8 at.% N) after 50, 500, 1000, 1500, 2000, 2500, 3000, 3500, 4000 cycles, 
and (d) the comparison of the degradations of the thee catalysts. Scan rate: 50 mV/s. 
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Chapter 8  
8 A universal method to synthesize urchin-shaped Pt 
nanostructures 
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As mentioned in chapter 1, there are three main research directions for developing fuel 
cell cathode catalysts.(i) to synthesize non-noble metal ORR catalyst; (ii) to develop 
novel support materials for helping decrease the dissolution of Pt; (iii) to synthesize 
novel nanostructured Pt with high performance and durability.  In previous chapters, we 
have studied nitrogen doped carbon nanotubes, nitrogen doped graphene as the non-
noble metal ORR catalysts for fuel cell; and also investigated nitrogen doped graphene 
by novel synthesis method as Pt support showing the improve durability compared with 
Pt/C (E-TEK). This chapter will focus on the Pt main catalyst development. Over the past 
decade, there has been a strong effort in developing effective strategies for improving the 
performance and thus reducing the cost of platinum-based ORR electrocatalysts, which 
involved shaping Pt nanostructures. As known, many metallic nanostructures with 
different shapes exhibit unique chemical and physical properties. Our previous results 
have shown that star-like Pt nanowires have both good catalytic activity and durability 
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for ORR due to the dendritic Pt nanostructures with the interconnected network made of 
1D nanowirs, which is believed to have the ability for making the Pt less vulnerable to 
dissolution, Ostwald ripening, and aggregation during fuel cell operation compared to Pt 
nanoparticles even Pt nanowires. However, there is a limitation in scale up for previous 
method. And it seems that it is difficult to control the length of Pt nanowire and the shape 
of star-like Pt nanostructures. Here we report a universal method to produce urchin-
shaped Pt nanostructures in high yield. This is a very simple, green and efficient wet 
chemical route without any surfactant and template.    
 
Keywords: fuel cell, Pt nanowire, urchin-shaped Pt nanostructures, durability 
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8.1 Introduction 
The synthesis of metal nanostructures with controllable morphologies is a key goal in 
modern materials chemistry and has attracted considerable interest in recent years 
because of their importance in catalysis, photochemistry, sensors, and electronic devices 
[1-5]. It is generally accepted that a fine degree of morphology control for metal 
nanostructures can lead to the formation of materials with specific chemical and physical 
properties. Among various metal nanostructures, nanostructured Pt is of particular 
interest because of its unique catalytic properties. For example, Pt nanoparticles are 
playing the key role in proton exchange membrane fuel cells (PEMFCs) for oxygen 
reduction and hydrogen oxidation [6, 7]. Compared with Pt nanoparticles, shaped Pt 
nanostructures such as Pt nanowires, Pt nanotubes, three-dimensional dendritic platinum 
have been demonstrated to have the better electrocatalytic performance [8-11]. The 
manipulation of the shape of Pt nanostructures can improve its catalytic activity and 
contribute to lowering Pt utilization. Therefore, the synthesis of special types of Pt 
nanostructures is highly desirable and potentially technologically important. 
Up to now, in general there are two synthetic routes to produce platinum materials with 
special shapes. They are template and templateless routes. Ag, Te have been used as 
sacrificial templates to produce 1D Pt nanowires or nanotubes [12, 13]. Also, some 
micelle templates such as Pluronic F127 block copolymer and Brij-35 surfactants can 
help to form platinum nanodendrities [14, 15]. There is still scale-up limitation due to the 
necessary additional procedures for preparation and removal of the templates although 
the route can effectively achieve the control over the shape of platinum. Regarding 
templateless routes, usually it is proceeded in solution with some shape-directing agents. 
Typically, Xia et al. have demonstrated that triggered growths by trace amount additives 
such as Fe
3+
, Fe
2+
, or NO3
-
 is an effective strategy for synthesis of shaped Pt 
nanostructures [16, 17]. But the synthetic procedure of these methods is usually 
complicate involving many steps also resulting in fewer yields of Pt nanostructures.   
Herein, a very simple and efficient wet chemical route was proposed to directly obtain 
urchin-shaped Pt nanostructures in large quantities by reducing PtCl
4-
 using the different 
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reductants (R-OH, R-CHO, or R-COOH). It seems that the process we proposed is a 
universal procedure for urchin-shaped Pt formation. In current study, it was possible to 
form urchin-shaped Pt nanostructures from K2PtCl4 solution as long as the reductants 
contain hydroxyl, aldehyde, or carboxylic. Specially, our method has the below 
advantages in comparison to those reported previously:  
(i) The method is very simple, which only needs Pt salt and reductants without any 
surfactants. 
(ii) The reaction is a green process and can be conducted very efficiently at room 
temperature. 
(iii) Without surfactants and templates, the products can be purified and collected easily. 
(iv) The structures of urchin-shaped Pt can be adjusted simply by the change of 
reductants. 
8.2 Experimental 
8.2.1 Materials  
K2PtCl4 (≥ 99.9%), methanol (≥ 99.8%), ethanol (≥ 99.8%), 2-propanol (≥ 99.5%), 
ethylene glycol (≥ 99%), formic acid (≥ 98.0%), and formaldehyde (37 wt% solution in 
water) were purchased from Sigma-Aldrich (Canada). All the reagents were used as 
received without further purification. All solutions were prepared with deionized water. 
8.2.2 Typical synthesis of urchin-shaped Pt nanostructures 
Urchin-shaped platinum nanostructures were synthesized by the chemical reduction of Pt 
precursor with reductants containing –OH, -CHO, or –COOH group. All the experiments 
were conducted in aqueous solution, at room temperature and under ambient atmosphere. 
In a typical synthesis, 7.5 mg K2PtCl4 was dissolved into 9 mL of water, and then 1 mL 
of formaldehyde was quickly added. The mixture solution was stored at room 
temperature for 48 h. The color of the reaction solution changed with several seconds 
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from light pink to brown, then to opaque black. The product was collected by 
centrifugation and washed several times with water, and then dried in an oven at 60 
o
C 
for further use in characterization and electrochemical measurements. 
8.2.3 Characterization 
Transmission electron microscopy (TEM) observations were performed with a Philips 
CM10 microscope at an accelerating voltage of 100 kV. High-resolution TEM (HRTEM) 
images were obtained with a JEOL 2010F microscope, operating at 200 kV.  
8.2.4 Electrochemical test 
Electrochemical tests of urchin-shaped Pt nanostructures were performed on an Autolab 
potentiostat/galvanostat (Model, PGSTAT-30, Ecochemie, Brinkman Instruments) using 
a three-electrode system that consists of a glassy carbon (GC) rotating disk electrode 
(RDE), a Pt wire counter electrode, and a Hg/HgSO4 (saturated K2SO4) reference 
electrode. For convenience, all potentials in this study are referenced to the standard 
hydrogen electrode (SHE). Catalyst ink was prepared by dispersing 2 mg of the 
electrocatalysts in 2.0 mL of ethanol and was subject to ultrasonication for 15 min. Then, 
20 μL of the ink was dropped onto a glassy carbon surface with an exposed area of 0.196 
cm
2
. After drying the droplet at 60 °C, 20 μL of a 0.05 wt% Nafion alcoholic solution 
was further dropped on the electrode surface and heated again at 60 °C to stabilize the 
electrocatalysts. The working electrode was first cycled between 0.05 and 1.2 V for 50 
times in an N2-purged 0.5 M H2SO4 solution at room temperature, to produce a clean 
electrode surface. The scan rate used was 50 mV s
-1
. Then the cyclic voltammetry (CV) 
measurements were conducted by cycling the potential between 0.05 and 1.2 V, with 
sweep rate of 50 mV s
-1
. The electrochemical surface areas (ECSA) of platinum was 
calculated using the mean integral charge of the hydrogen adsorption / desorption area 
with double layer current corrected at 0.4 V vs. RHE and with 210 μC cmPt
-2
, assuming 
one hydrogen atom observed to one platinum atom. The CV measurements for 
accelerated durability test (ADT) were conducted by potential cycling between 0.6 and 
1.2 V (vs. RHE) for 4000 cycles in O2-saturated 0.5 M H2SO4 solution at room 
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temperature, with scan rate of 50 mV s
-1
. Meanwhile, full-scale voltammogram between 
0.05 and 1.2 V in N2-saturated H2SO4 solution were recorded periodically to track the 
degradation of Pt catalysts. 
8.3 Results and discussion 
In the current investigation, methanol, ethanol, 2-propanol, and ethylene glycol were 
selected as the reductants with hydroxyl group; formaldehyde and formic acid were 
selected as the reductants with aldehyde or carboxylic groups. The reduction of platinum 
salts by methanol, ethanol, ethylene glycol, and formaldehyde occurs in several seconds 
and eventually the black precipitation was obtained in the bottom of vial. For formic acid, 
it takes a little longer time to reduce Pt salts, but still within several seconds. However, 
for the 2-isopropanol system, it needs longer time (hours) for reduction occurring, which 
means the change of color from light pink to grey-black. From the above phenomenon, 
firstly it seems that all of hydroxyl, aldehyde, and carboxylic groups are able to reduce 
PtCl4
2-
 to Pt metal, which is also consistent with their redox potential (see below) [18].  
PtCl4
2-
 + 2e
-
 ↔ Pt + 4 Cl- (0.758 V) 
HCHO + 2H
+
 + 2e
-
 ↔ CH3OH (0.13 V) 
HCOOH + 2H
+
 + 2e
-
 ↔ HCHO (-0.03 V) 
CO2 + 2H
+
 + 2e
-
 ↔ HCOOH (-0.11 V) 
Secondly, the different R groups might have the effect on the different reductive rate 
based on the results of methanol, ethanol, 2-propanol, and ethylene glycol reductive 
reactions [19]. Thirdly, it appears that carboxylic group has the negative effect on the 
reduction of PtCl4
2- 
when the difference is considered between formic acid and 
formaldehyde. Furthermore, when acetic acid is used as reductant, no any Pt precipitation 
and color change is found, indicating acetic acid cannot reduce PtCl4
2-
 to Pt at room 
temperature at the current condition studied. Here, it is believed that either the R group 
(CH3-) affects the reductive ability of carboxylic group, or essentially the reductive 
power of carboxylic group is not enough strong to reductive PtCl4
2-
 to Pt at such 
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conditions. The real group playing the key role in reducing PtCl4
2-
 to Pt might be its 
aldehyde group for formic acid.   
Also the current study gives a new investigation into the old reactions. Previous results 
exhibited that the big Pt aggregation will be obtained without surfactants and under the 
condition of stir. When the reaction system is carefully adjusted and no stir is used, the 
exciting results are obtained. It is believed that this is a universal method to synthesize 
dendritic Pt structures with the various density and size. 
The shape and size of the typically synthesized Pt nanostructures were characterized by 
TEM and the results are shown in Figure 8-1. Pt nanostructures appeared to be dendritic 
structures made of short Pt nanorods/nanowires and clearly uniform in shape. The very 
dark contrast at the body center region of nanostructures indicated that these 
nanostructures were rich three-dimensional (3D) structures. The particle sizes were 
distributed roughly from 20 to 50 nm for methanol, ethanol, ethylene glycol, and 
formaldehyde reductive system; whereas formic acid reductive system exhibited wider 
distribution for particle sizes from 20 to 80 nm. Also it should be noted that 2-propanol 
reductive system results in the biggest particle sizes. All these should be consistent with 
their reaction time mentioned above. The rapid nucleation resulting from strong 
reductants produces large quantity of Pt seed crystals, which will benefit the final 
distribution of Pt sizes. The slow nucleation process results in a broad size distribution of 
Pt seed crystals, in turn which will produce bigger particle sizes or the broad size 
distribution of the final Pt nanostructures.  
High-resolution TEM images further displayed the urchin-shaped structures assembled 
with plentiful interconnected arms branching in various directions (Figure 8-2). The 
diameter of these branched Pt nanowires is about 3-4 nm. The lattice fringes are 
continuous from the core to the branches, revealing the high crystallinity of the 
nanostructures. The selected area electron diffraction (SAED) patterns exhibit the 
diffraction pattern corresponding to (111), (200), (220), and (311) lattice planes of fcc Pt.  
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Figure 8-1 TEM images of urchin-shaped Pt nanostructures from the various 
reductants: (a) methanol (b) ethanol (c) 2-propanol (d) ethylene glycol (e) 
formaldehyde (f) formic acid. 
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Figure 8-2 HRTEM images of urchin-shaped Pt nanostructures from the different 
reductants: (a) methanol (b) ethanol (c) ethylene glycol (d) formaldehyde. The insets 
are the corresponding SAED pictures. 
And the measured lattice spacing (0.23 nm, Figure 8-2 (a-d)) corresponds to (111) lattice 
planes of fcc Pt. This is not difficult to understand. Usually a nucleation and auto-
catalytic process are involved in the formation of Pt
0
 [20-23]. For our study system, there 
is the below order for the adsorption energies of –OH, -CHO, and –COOH groups on 
three typical Pt surfaces: Pt (110) > Pt (100) > Pt (111) [4, 20]. After Pt nucleation, the 
molecules with the above groups adsorbed preferentially on specific crystal surfaces, 
such as Pt (110) and (100) facets, restricting the growth in these two facets and resulting 
124 
 
in preferential growth on the Pt (111) facet. However, the detailed formation mechanism 
of the urchin-shaped Pt nanostructures in the synthesis is not very clear at the present 
time and needs further investigation. 
It is highly interesting to explore the as-prepared Pt nanostructures as the fuel cell 
electrocatalysts. It has been very recently reported that Pt nanowires and nanotubes have 
shown better performance and higher stability than Pt/carbon black (the commercial 
catalyst).
 
The reason might be that in comparison to zero dimensional Pt nanoparticles, 
single crystalline anisotropic 1D Pt possess fewer lattice boundaries, long segments of 
smooth crystal planes, and a low number of surface defect sites, all of which are desirable 
attributes for enhancing both oxygen reduction reaction (ORR) activity and long-term 
durability for fuel cells. Additionally, in our previous studies, it was shown that the 
catalytic properties of Pt metal nanocrystal can be enhanced by the combination of a 
multi-armed network structure and the one-dimensional shape of the arms [8].         
Therefore, it is not unexpected that the current urchin-shaped Pt would improve the 
activity and durability.  
 
Figure 8-3 Normalized ECSA of urchin-like Pt nanostructures and commercial 
Pt/C. 
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Figure 8-3 showed the durability results of urchin-shaped Pt and commercial Pt/C 
catalyst. It can be observed that approximately 10% of the initial ECSA remained for 
Pt/C (E-TEK), while 30% of the initial ECSA remained for urchin-shaped Pt. That is, 
urchin-shaped Pt retains 2 times higher ECSA than that of Pt/C (E-TEK) after 4000 
cycles, which can be ascribed to its special structure: interconnected 1D Pt arms.   
8.4 Conclusions 
A universal method to produce urchin-shaped Pt nanostructures in high yield was 
demonstrated by simply keeping an aqueous solution containing K2PtCl4 and reductant 
under room temperature for 48 hours. In the current study, methanol, ethanol, 2-propanol, 
ethylene glycol, formaldehyde, and formic acid have been demonstrated to be the 
effective reductive agents and the shape-directing agents. Furthermore, hydroxyl group 
and aldehyde group, perhaps carboxylic group should have the ability to reduce Pt salt to 
Pt metal, therefore which could be considered as a very general and powerful strategies 
for producing urchin-shaped Pt nanostructures (or dendritic Pt nanostructures).     
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Supporting information 
 
The effect of pH, NO3
-
, and Fe
3+
 on the morphologies of Pt nanostructures. 
 
 
 
Figure 8-4 TEM images of Pt nanostructures from the various reductants and under 
pH = 2: (a) methanol (b) formaldehyde (c) formic acid.  
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Figure 8-5 TEM images of Pt nanostructures from the various reductants under the 
existence of NO3
- 
([Pt]:[ NO3
-
] = 1 :10): (a) methanol (b) ethanol (c) 2-propanol (d) 
ethylene glycol (e) formaldehyde (f) formic acid. 
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Figure 8-6 TEM images of Pt nanostructures from the various reductants under the 
existence of Fe
3+ 
([Pt]:[ Fe
3+
] = 1 :10): (a) methanol (b) ethanol (c) 2-propanol (d) 
ethylene glycol (e) formaldehyde (f) formic acid. 
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Figure 8-7 Urchin-shaped Pt nanostructures growth on carbon black (Vulcan XC-
72); the reductant is formaldehyde. 
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Chapter 9  
9 Conclusions and Suggestions 
Currently, cost and durability are still the two major barriers for large-scale 
manufacturing and full commercialization of PEMFCs. Developing high-performance, 
low-cost and high durable electrocatalysts is the number one set of priorities for PEMFCs 
research and development. In the thesis, a series of experiments was conducted to 
synthesize novel nanostructured materials as cathode materials of fuel cells. Emphasis 
was put on three ways: (i) development of nitrogen doped carbon nanotube and graphene 
as non-noble metal ORR catalysts (ii) development of novel method to synthesize 
nitrogen doped graphene as Pt support (iii) synthesis of novel dendritic Pt nanostructures 
by green, simple method, which includes material synthesis, characterization, and 
performance test. The results and contributions of the thesis work are summarized below, 
and some personal opinions and suggestions for future work are provided. 
9.1 Conclusions 
Nitrogen doped carbon nanotubes (CNx) with the controllable nitrogen content have been 
prepared via a floating catalyst chemical vapor deposition method using precursors 
consisting of ferrocene and melamine. The relationship between structures of CNx and 
ORR activity has been investigated in detail. The active site involving nitrogen, iron, 
carbon is further identified by the study. The work for the first time disclosed the 
promoting effect of nitrogen on the ORR activity systematically. It is believed that the 
higher the nitrogen content is, the higher the oxygen reduction activity. And CNx has the 
potential to replace the costly Pt/C catalyst in alkaline fuel cells. 
Further, the study about non-noble metal ORR catalyst was extended to 2D nitrogen 
doped carbon materials --- N-graphene from the 1D nitrogen doped carbon nanotubes. 
We reported the synthesis of nitrogen-doped graphene as a metal-free catalyst for oxygen 
reduction by heat-treatment of graphene using ammonia. As a consequence, it was 
revealed that the catalyst has the comparable or better activity and stability than the 
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commercial Pt/C towards ORR, and the quaternary type nitrogen species seem to play the 
most important role for ORR activity. This is a very important finding, which will not 
only help to identify the active site, but also benefit to the designing of this kind of 
catalyst for the next generation.    
Moreover, based on the better ORR activity and durability of carbon materials after 
doping, nitrogen doping effect on carbon structure was investigated systematically using 
many characterization techniques by taking the example of graphene and N-graphene. It 
was found that more defects are present on nitrogen doped graphene, especially XANES 
results reveal that N doping decreases the surface oxygen-containing groups. 
It is always the challenge to develop new way to prepare nitrogen doped graphene. A 
simple one-step solution-based oxidative process to produce N-graphene oxide 
nanoribbons (NGON) has been developed. As a consequence, the method generates a 
nearly 100% yield of nanoribbon structures by lengthwise cutting and unravelling of the 
nitrogen doped carbon nanotube side walls. The work should open a new door to 
synthesize nitrogen doped graphene, also the study for the first time demonstrated the 
possibility of transformation from nitrogen doped carbon nanotubes to nitrogen doped 
graphene oxide nanoribbons directly.  
Nitrogen doped graphene has been prepared by a novel solvothermal method at the large 
scale. The method features a lower synthesis temperature than previously reported. The 
results indicated that nanoflower-like N-graphene was obtained with pure sp
2
 hybridized 
carbon and the designed nitrogen types. More importantly, the synthesized materials 
exhibit much higher durability as Pt support for fuel cells than commercial carbon 
powder due to its special characters.   
A very simple, green and efficient wet chemical route has been developed to produce 
urchin-shaped Pt nanostructures in high yield without any surfactant and template. Again 
the study gains an insight into the old reductive reactions. It is revealed that hydroxyl 
group and aldehyde group, perhaps carboxylic group should have the ability to reduce 
PtCl4
-
 to Pt metal even with the uniform morphology distribution under the stationary 
conditions (without stir). More importantly, urchin-shaped Pt indicates 2 times higher 
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stability than that of Pt/C (E-TEK) under the current test condition due to its special 
interconnected 1D Pt arms structure.   
9.2 Suggestions 
The thesis exploited the ORR activity and durability of nitrogen doped carbon nanotubes 
and graphene. However, in comparison to commercial Pt/C, the performance is still poor 
in acid condition. The development of non-noble metal ORR catalyst is facing the big 
challenge. For nitrogen doped carbon materials, in order to further improve their 
performance, it is necessary to find new synthesis methods for increasing nitrogen 
content and controlling the nitrogen doping form.  
The thesis also tried to investigate the performance of nitrogen doped graphene as a 
support of Pt showing the improve durability compared with the Pt nanoparticles 
supported on carbon black. However, the relationship between performance 
improvement, the structure of support, and the degradation is still unclear. For a better 
understanding and therefore for further increasing the stability of support, more 
fundamental investigation is required such as the relationship of pore size, specific 
surface area, graphitic structure and stability. This topic will remain a challenge. In 
addition, a recent study indicated that ITO-graphene hybrid material as Pt support 
exhibited greatly enhanced stability and activity. It is expected that metal oxide-graphene 
based hybrid materials could be even more stable.  
This thesis also exploited a new type of dendritic Pt nanostructures which showed much 
improved durability than the particle Pt. Recently, the focus is put on Pt-alloy 
nanoparticles on carbon, which have historically been observed to increase ORR activity 
over pure Pt/C by about a factor of 2 to 2.5. It is expected that the activities and durability 
could be further increased if dendritic Pt alloy nanostructures could be synthesized and 
used in fuel cells.  
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Supporting information 
(The detailed process for electrode preparation and durability test) 
Taking Pt/C catalyst as an example, the electrochemical characterizations of the catalysts 
were conducted in a standard three-compartment electrochemical cell using a glassy 
carbon (GC) rotating ring disk electrode.  Here, a Pt wire was used as the counter 
electrode and Hg/HgSO4 (saturated K2SO4) was used as the reference electrode. 10 mg of 
Pt/C was suspended in the solution (5 mL ethanol and 20 μL of 5 wt% Nafion) and 
ultrasonically blended for 30 min. 20 μL of this suspension was dropped on the disk 
electrode and dried at 60 °C. 
The electrodes were first pretreated to remove surface contamination by cycling the 
electrode from 0.05 to 1.2 V vs SHE at 50 mV s
-1
 for 50 cycles in nitrogen saturated 
electrolyte. Then the quasi-steady-state voltammograms can be obtained and used to 
calculate the initial ECSA of Pt/C. Accelerated durability tests (ADT) were conducted by 
sweeping electrode between 0.05 ~ 1.2 V for 4000 cycles. The durability was evaluated 
by comparing the change of ECSA. Here, figure A-1 (a) shows the initial CV curves for 
three samples of Pt/C, figure A-1 (b) shows the CV curves after 4000 cycles for the 
corresponding samples.   
 
Fig. A-1 (a) The initial CV curves of Pt/C and (b) the CV curves of Pt/C after 4000 
cycles from 0.05 – 1.2 V in 0.5 M H2SO4 solution with saturated N2, Scan rate: 50 
mV s
-1
. 
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As seen, there is good repeatability for our samples. After 4000 cycles’ degradation, it 
can be calculated that approximately 30.4%, 32% and 33.2% of the initial ECSA 
remained for sample 1, sample 2 and sample 3, respectively.  
(The detailed process for ORR test and the electrode preparation)  
Autolab potentiostat/galvanostat (model PGSTAT-30 Ecochemie Brinkman Instruments) 
and a three-compartment cell were employed for the electrochemical measurement. The 
electrocatalytic activities of CNx and N-graphene were studied using RRDE technique. A 
typical catalytic film was produced at the disk electrode according to the following 
procedure: 5 mg of CNx or N-graphene were suspended in the solution (1080 μL ethanol 
and 180 μL of 5 wt % Nafion) and ultrasonically blended for 30 min. 10 μL of this 
suspension was dropped on the disk electrode. CV curves of ORR were recorded by 
scanning the disk potential from 0.4 to -1.0 V (0.1 M KOH solution) vs SHE at a scan 
rate of 5 mV s
-1
 with the rotating speed of 1600 rpm.  
In order to further demonstrate the repeatability of our samples’ activities, here we 
provide three times data about ORR activity for CNx (7.7%), N-graphene (900), and Pt/C, 
respectively. 
 
(a) (b) 
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Fig.A-2 (a) The polarization curves of oxygen reduction on CNx (7.7%) catalyst; (b) 
N-graphene (900) catalyst; (c) Pt/C catalyst. Electrolyte: 0.1 M KOH, scan rate: 5 
mV s
-1
, and rotation speed: 1600 rpm. 
As we can see, CNx (7.7%) has the perfect repeatability for ORR activity not only at 
current density but also onset potential. Although there is a little bit difference at the 
current density for N-graphene (900) and Pt/C, usually the ORR activities are evaluated 
by comparing the onset potential; basically we cannot find any difference at the onset 
potential for three samples. 
 
 
 
 
 
 
 
 
(c) 
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